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EXECUTIVE SUUMMARY

INTRODUCTION

The United States Coast Guard has statutory responsibility for regu-

lating the marine transportation of hagardous chemicals, including lique-

fled natural gas (LNG). LN4G is transported by ship a a very cold liquid

(110 K) at just slightly above atmospheric pressure. If it is spilled

from its well-insulated container, it will boil rapidly and product n&tural

gas vapors which are composed primarily of methane. Some ethan&, propane,

and other compoundo may also be found in LNG. The vapors are flasmsble.

between 52 and 15% volume concentratiins when aire., vith air. With the

current start-up of two new LNG import terminals and pending plans for

additional import projects, there is an increasing need for regulatory and

eccident-response personnel to understand the hazardous consequences that

might be associated with marine spill accidents.

In the past, experimental program involving LNG spills and fires on

land have ben conductad in the U. S. and abroad. PFirther, a seriea of

ING spill tests was conducted on water to study flammable vapor dispersion

in the absence of igniLion. The Information obtained from these teats,

coupled with theoretical models, had been used to develop techniques for

predicting the hazard toneso surrounding LNG fires on water. However, these

predictions were vithout experimtntal verification prior to the test pro-

gram described in this report.

To provide experimsntul verification and additional information, the

U. S. Coast Guard requested the U. S. Navy at the NSval Wuapusi Cm.aatr '(Nwr,

China Lake, California, to perform field experiments involving LNG spills

and fires on water. Additional tests under a 2nd phase program were funded

by the Departaat of Energy under interagenoy agreament ER-77-D-28-3248.

These tests were performed between September 1976 and June 19)8. Arthur

D. Little, Inc. (ADL) staff, under contract to the U. S. Navy, provided

consulting services to the NMJC during the experimental prograt and also

performed the analysis of the experimental results. This report describes

the details of the test program, the erperimental data, and the findings.

0-1



THE EXPEkIMENTAL PROGRAM

The test facility at the Naval Weapons Center consists of an excavated

pond located in the midst of a fairly flat detert terrain. The pond is about
3

S0 m x 50 m with a I m depth, Quantities of LNG tit the 3-5 m range were

spilled at rapid but controlled rates through a pipe onto the center of the

pond. In "pool fire" tests, an igniter was activated near the spill point

as soon as LNG hit the water surface. This produced nearly imediate igni-

tion and resulted in an initially expanding, burning pool of LNG with a tall-

fire plume above. In "vapor fire" tests, the LNG was spilled ard allowed

to vaporize -roducing a cloud of gas that was carried downwind. When the

vapors reached a point about 70 m downwind, flaming igniters at that dia-

tance were activated. The resulting fire burned back toward the spill

point, burned for a significant duration of tine at the edge of the pond,

and finally burned back to the opill point after liquid flow had ceased.

Three tests ot an intermediate type, termed "delayed ignition pool fires"

were also run. In these tebta, a vapor cloud was allowed to form in the

vicinity of the spill pool before the Igniter was activated. The early

stages of thebe Le•-b r, i vanlor fire but poo-l fire behavior was

quickly established thereafter.

The instrumentation for gathering the data during the experiments

included narrow- and wide-angle radiometers to measure the emissive power

of specific parts of the flame and the overall emissive power; movies to

showi the visible flare dimensions and behavior; apectromter (1 pool fire

test only) to study the wave length distribution of energy radiated by the

fire; and information from gas sensors, weather Instrumentation, thermo-

couples, and spill equipmwut monitoring and control instrumeniation. IT

two tests, wvoden stakes were arrayed tadially At differert locations from

the apIll point to all",w the effects of the radiation on wood to be eval-

uated qualitatively. The conduct of field experiments is quite difficult,

especially when sensitive instrumentation must be used. In the first

neries of tents, a number of instrument problems occurred; a subsequent

teries of tests wAR porforMed with MOnt of these early problems corrected.

(1-2 1



FiNDINGS: Pool Fire Experiments

Bused on theory and information for LNG fires on land. prior to this

program LNG pool fires nA. I were expected to spread and vAporle at a

rate equivalent to a decrease in liquid level of a confined Vuol of about

6 x 10~4 mis ("regression rate"). This rate is consistent with most of the
oxperiveutal regression rates for the spill tests in this program. These

rates were deduced from the fire diameter observed in =,vie records after

zhe fire stabili•'ed. However. for the two fastest spi: o (3 a3 in about

30 seconds and 5 u3 in about 50 seconds), vaporizatioi: rates seweed to

Increase by about 50. We believe that this is rrobably due to the rapid

interaction between the jet and the water which produ<ce fragmentation and

inL•"e*ad heat transfer area. This effect, if it sho:auld occur in an

accident, wvuld tend to produce a smaller diametsr, but taller fire. The

total radiating area. however, would be reduced.

The movie films also provided data on visible flame height. We found

that thee. heights could be well correlated using a relationshP9 known as

Thoeus' equation which relates flame length to a parameter inviving pool

diameter and fuel vaporization rate.

Narrow-angle radiometer data from the pool fire tests indic-ted flame
2*misslve powers near the flaime bass in the 212 + 20 kW/m range. Wide-

anale data. wtich aie subject to more uncertainty, indicated the average

neissiv* pover of the entire flame surface to be about 220 +- 47 kW/m 2 .

(These values obtained from LNG pool fires on water are higher than thos

w•aaured in earlier AGA experiments of LNG pool fires on land.)

S4Or...V4 , ".- .a ......dd ... . . one test where a Ppectrorneter was

used to analyse the flame emission,• provide substantial insight into the

behavior of LOG fires. In the combustion cf LNG (primarily methane),

water and carbon dioxide are formed as products of combustion. Further,

incomplete combustion results in the formation of some luminous soot. Some

unburned gases or carbon monoxide &ay also be present. While the soot

behaves essentially an a "grey emitter" vith radiant emission continuously

distributed over the entire infrared spectral range, the water and carbon

dioxide emit energy at a series of discrete bands centered at specific wave

length&. Am this energy in transmitted through the atmosphere, water vapor

0-3



and carbon dioxide in the ambient atmosphere are effective at absorbing

radiation in these same bands.

From the limited spectral data. we estimate that the soot is radiating

at a temperature of about 1500 K and that water vapor and carbon dioxide

in the fire plume exist at concentrations corresponding to burning with no

excess air. Th, fires in these tests were typically up to 15 m in diam-

eter and thus were not "optically thick" over thc entire infrared wave-

length range. An optically thick LNG fire at 1500 K would have a surface
2emissive power of abotut 287 kW/m . Mien corrections are made to account

for the limited thickness of the test fires, the spectral flame model gives

an equivalent averagc cmimiive power of about 210 kW/m 2 which is in good

agreement with the narrow-angle radiometer data.

Several tests conducted In wind shoved flame tilt angles similar to

th•se that would be predicted by correlations developed for pool fires on

land.

Finally, if the ratio of the fraction of energy radiated to the total

energy of combustion possible is enitm•ted, the ratio decreases as the

spill rate increases. This suggests that In very rapid spills where beat

• rm.n..er- c: bet--ce- . the spilled L12C and water is enhanced due to liquid

fragmentation, a larger fraction of the vapor produced escapes from the

plume unburned. We hypothesize that a large vapor core rises in the center

of the fete. Further we suggest that the fire core may entrain combustion

products from the outer burning zone that subsequently inhibit its cotn-

b,. ,fin in the top regions of the fire plume. Therefore, a significant

part of the aa• of vaipor produced may escape at the top of the fire.

FINDINGS,. VaPOr _Fi res

Ignition of dl-.persed vapors from an LNG @pill on wvter produced a

fire that spread hack along the ground over the land toward the pond spill

source. "Fireball" type of burning, where burning gas lifts off from the

ground, was not observe4.

The rate of fire upread through the vapor cloud increases with wind

speed at least for wind% uTv to 7 m/s. The correlations, for flme speed

0-4



tbe intensity of the surrounding thermal radiation field, !r. the case of

assessing hazards for vapor fires, the extent of apread of flamable vapor,

the rapidity of flame travel after ignition and the thermal radiation out-

put need to be known. Also in the case of vapor fires, structures lying

withiu the flame travel path may be ignited o- experience damage from sud-

den (but moderate) pressure differences, The latter could be caused by the

comustion of any vapors that have diffused into the buildings or external

pressure difference caused by flame travel. Evaluation of "safe distances"

for preventing hazards to people, damage to sttuctures and ignition of

wooden buildings is of great concern to both regulatory bodies of the govern-

ment and liquefied natural gas industry. The understanding of the conse-

quences of accidental spills of LNG on water and the assessment of the poten-

tial risks posed to the public safety from such spills form important aspects

of the regulation of LNG transportation.

Several studies have been undestaken in recent years both in the U.S.

and abroad to investigate the fire hazards from LNG. In a series of tests con-

ducted for the American Gas Asmociation by a consortium of companies in-

cluding &DL, (AGA-1974), radiation from ING pool fires on land was measured

atrd analyzed. Gae de France has conducted test% on land tu study the dis-

tance over vwh.ch the LNG vapor cloud generated by a land spill ts flammable.

The U. S. Navy and the U. S. Coast Guard have investigated the detonability

of methane air mixtures. However, no experiments had been conducted prior

to the present study measuring the rsdiation from LNG pool fires on water.*

This probi'm is of utmost importance because It reprr.-enrm the most prob-

able situation consequent to an accidental spill of LN4G from a tanker.

Several questions remain to he answered befnre a rt•.,nAhle P•It'flte of the

thermal radiation hazard from such an expanding, burnliq,, ;0 d h.ert-1!ued

fire can be made, Sow of these questions are: (I) can a flawe be *us-

tained on the boiling ING during Its rapid boiling and spread on water?

%2) WIll the flame remain in one piece on the pool or will it break up into

uwall flamelets of low height? (3) Will the height of flame be equal to

the height of a non-expanding pool flame of the sane baie dimensions?

* There have been some limited, small-scale tests Involving LNG fires on

water conducted by the Bureau of Mines and the simulated water spills

conducted by Unliersity Engineeri , Inc.
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(4) Final ly, will .. e LrAn I nt .. ,it ions ha.ve any I ealing ;n the burii'ng

and/or flamu, ch 'rari - .ri ? t~ n I v .4 t.ivorot c k model (Ral and v.ilelkar,

19713) prctlen, lv .xi-,t - t, predit the hazard irom burtning LING pcol on wUter.

Simllar lv. tht rt xc.'! -an exetl imental data to indicate tht extent

of radiat io1 haza Iz due to the burning of a large flammable vapor cloud

(as ray bt torr.ed tr,,m dit.perrston of the I.NG vapors) spread over a wide

area. What theoretti:ii analysis exists is very cursory (Raj and Emmons,

1975).

The "nired States Coast Guard (LISCG) has the primary statutory res-

ponsibility to regulate tN, mar'ne transportation of hazardous chemicals

including I.NG and to ,.nsure siafetv within the territorial waters and in

the ports of the O'nitetd States. The U. S. Navy (1'SN) does not have regu-

latory authorit% f.,r 1NC- shipping; however, the USN may be called upon to

assist the 'SCC( or nr44uvw a primarv role In emergencv situations involving

the shipping of env gýv ti utti. , * cheiui col ha.ard response information

system (CHRIS) wat dtivelopd hv the 1'. S. Coast Guard to better assess

potential hAzards trom chcmicail --pills on water and to provide guidance

: r. .... ..... . ... c.cra =.. . . to predict the

behavior of spilled cheml,ails. One of the models deals with the behavior

of •NG on water, cls;ecfallv the thermal radiation from pool fires. However,
•)ny of Iit . u.dt 1s a' '~.It, ! oca thore cal derivations without ex-

pcri.- tnt•l .'crifica* ion.

The USCG and USN recognL,.ed the fact that quantitative knowledge on

the behavior of U.NG on water and the thermal radiation output from such

fires was unavailablIt . Th, oretical rmodels for the scenarios of pool fires

and thu' burn ing of 1N(: vlij,,r i Ioudt were avauilable 'cwithout expertimental

veriricnt ion. ihlcic:,,rt * a fieId -ale experimental program involving LNG

spills onto wnater tollowt-d by ignition was initiatej by the USCG.

The experiments were performed by the USN at the Naval Weapons Center

(NWC) at China Lake, Californta, undr contract from the U. S. Coast

Guiard. The USH personnel 3t NUC were completely in charge of the planning,

design and conduct of the tests.

The professional staff of Arthur D. Little, Inc. (ADL) provided, undr

contract to the LJSN (Contract #s N00123-76-R-1718 and N60530-78-C-0192),

consulting services during thr design of tents and their execution. I r.
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addition, ADL was contracted to perform the analyses of the experimental

d4ta, develop correlations and generate the report covering the LNG spill

eter program. This report indicates the details of the test program and

the findings.

1.2 OBJECTIVES OF THE EXPERIMENTS

The priacipal objectives of the experimental program, described in

this report, were to understand the behavior of two kinds of LNG fires:

namely, pool fires on water and fire propagation in unconfined clouds of

dispersed LNG vapor. Specifically, the purpoae of the experiments was to

obtain data on the characteristics of the LNG fires on water including the

therual radiative output, the fire size, and the fire spread velocity (in

the vapor fite). The data measured were intended for use in verifying or

modifying existing physical models or in developing additional ones for

use in hazard prediction calculations.

1.3 SCOPE OF THE TEST PROGRAM

To achieve the above objectives, a two-phase experimental test pro-

gram was conducted at the Naval Weapons Center, California. A total of 11

tests were included in the first phase. These Involved 6 pool fire tests,

1 delayed-ignition pool fire and 4 vapor fire tests. In the second phase,

a total of 5 tests were conducted involvinp 1 pool fire, 2 delayed-ignition

fires, and 2 vapor fire, rtestq. The ai'cond phnqe was initiated after the data

from the first phase indicated significant problems with calibration and

positioning of some of the Instruments.

Each experiment was recorded on a motion picture film from each of at least

three different directions. Other measurements included radiation flux at

differeun discanue from 'ii" fi r, u19111 A id•--e,,gi, •,,, narro,-rangle rad,,i,.,

oters. In one exporimInt the spectral characteristics of the pool fire were

also measured. Also measured routinely in each experiment were meteorologi-

cal data such an wind speed, wind direction, relative huaidity and asuient

temperature. Other important and relevant data such aa the spill time,

ignition time, tank pressure, liquid depth in the tank, etc., were alon

measured.
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Chaptc: 2 , s Te, ,rt cover.s a revl .w of past %.xperiments and

andlyset pert-, 'i.y t• ILNG i i es. Also discusseJ in the review chapter are

models from tho combusc,on liteiature relating to t~irbulent flame behavior,

radiation and scaltr.g lIaws. In Chapter 3 are described the details of the

test site, experimental equipment, meavuring instrumn. ts and the test pro-

cedures. IThe spectral data obtained in one of tO.e pool fire experiments

Are described a•nd talvzeA in C;hapter 4. Chapter 5 deals with the pool

fire data and their ,nal)!es. The vapor fire exF-primental date are dis-

cussed in Chept.. b. A e'vnera', discut:sion of the overall findings from

this .xpvrlt4vntal program wd rco•nendat iv-. for 'iaznud estimation tech-

niques are indiiated in Chapter 7. R~ecormmendaztions and sugpested future

reit-earch Ir, .xs av- g'.K en 11 I' it .r
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2 . s 01i'1A oi '.1 A I KRi. ',)NC ERN ING THERMIAl. RAD] ATION

FL\t .Aflu'l'fI(TUR~lNTDLFFIISUN FLttMjS

Thu Ot.. -n.Inc ,i large pool of liquid in the open is a complex phenom-

,noi lon'xvit h A t.n
t
f :'.-'Itit.ent ot! r.b tit aIr, turb,jlunt mixing of fut I

,i•, aiia th, eitr.:.Jid air. liberation of heat by combustion, loss of

h'it 11 radiation and heat transifer to the evaporating pool by radiation

and convect iot,n. In a steady bhtrnirg pool of liquid there is dynamic equil-

ilrtiam amongat lths varioats interactilng phetiomena. However, even in such

twie, pitaitte p,-di ,ioni ol the heat output from the flame in the form of

Ih-:�m.al ;1.dlittio:, irom pure1 y th%.at CtiCal tontbiderat ions is virtually an

I.t ........... , 01.., cI the- 0.,,ltIit I oi the chemical reactions,

the div,'r4,, ai aiva ot the raditina g speuies, and the lack of a good model

t- dqcrrbe tuttulvnce It, tirge fites. To circutrvent the difficulties in

t-,rettcal predititions. helni-empirical models have been developed. Some

tho.s nodls are reviewed from the point of view of thermal radiation

tranitter from fttets as wall as from the point of view of physical sire

s, :11-tt.g. The emih. . In hit.i revi.,w in on LN(G fires. First we review

;astt LNG fire exptarin-r.its, their results anti the twdels that have been

A I " p't!. Subseqtently, other general models available in the combus-

::on I 1',rAttire for desg rtbtng large turbulent diffusion flames are reviewed.

71- scaling law.s tor size scaling and for radiative transfer are also

,i't-',tssted .

".I nL~tAV ',t Fl iNt, ON WATFR

Th,. t',haViot of an LNC spill on water is significantly different from

that of ,i %pilll on land for two principal reasons. In the coast of spill

it . Iirgt body ohu water, first the liquid spreads because there is no

,o:t In. nt -• Secon,!lv, the heat transfer occurs from the water at a rela-

,i ,e v togi, rate. fhe rats_-, of ir r tf . h, ... n^ per ,,nit .ar an haa been

toitod to ha ilpproximately constant from previous. experimental data. For a

pool on fir., there is .Also heat transfer from the fire. The high heat

frinuifi tatvc3 t,,:athet with the Increa3ing area of contact with water

i ';tlt. in t ipid *,vapoxation of the liq'id. For an Innstantaneous spill of

i ývtrn volume, the pool is expected to increase in size until all of the

i.t(; ha s evaporated. In a continuou,. spill, on the other hand, the pool

'thv, will reach n m;'ximum area co,.t-wnsutrate with the evaporation rate and

th,, .• l alta e.

.. ... .... t.t



The water spill has to be contrastMd with the behavior of an LNG spill

on land. While unconfined spreading is possible on flat ground, In most

cases of interest, the potential land spill areas are diked. This confine-

ment, therefore. limits the size (diameter) of the pool. Secondly, the

heat transfer rate from the ground decreases with timm. Should there be a

fire over a diked LNG pool, the burning rato (after an initial transient of

a minute or so) wvil be primarily dependent on the radiative feedback from

the fire. This is unlike the situation on open water where heat transfer from

the i'ater remuana sirn.flrant until the pool is evaporated.

2.2 PAST LNG FIRE EXPERIMENTS

Over the years several groups botb within the U. S. and abroad have

conducted tests to study the radiati e and other characteristics of LNG

fires. A review of the tests conducted before 1972 and their results are

presented in another report (see Sectioai G, AGA; 1974). However, all of

these fire tests have been on land, The series of tests described in this

report is unique In that it consists of LNG fire tests on water. LNG spill

telts on water have beern performed and only one involved ignition.

Previous LNG fire tease can be dtvijed !Yto thrce broad categories:

1) those that were conducted before 1972, 2) the tests in the AGA spon-

sored series between 1971-74, and 3) tests after 1974. The significant

f4--1n,-9 frw- t-e P|16er'-nt teat% are ditcus.egd hlow.

2.2.1 Experiments before 1972

Several research groups have performed LNG tests on land. These

groups include the Bureau of Mines, University Engineers, Inc., TRW,

Esao. Gat de France. Tokyo Gas, Osaka Gas, et al, A review of the details

of those tests and their results is given in another report (Section G,

ACA 1974), and is therefore not discussed in detail. Howver, to keep the

current series of tests in perspective, the following features of the past

tests are noted.

0 The test sizes ranged from laboratory scale (15 ca diameter) to

large field fires (10 a x 13 a pools). Some qualitative obser-

vations of the 200 a diameter fire resulting from the 1944 Cleveland

LNG accident are also available.
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: 1 ., .. •vc i,.o',-r* .dt~cd fretos t he measured radiometcr

to 160 ý.1W'tM. Some researchers have

, h*11i ,.c ut Ik tL-un at the base area of the flame.

Iht. ; . i , d ( I tw 'I 6 0)ti kW!L 2 and 850 kW/m2

* !. , l , * , ,, , oi Vn;,gv which ti.; I.Id1jtcd in th tse

,,, c,, t ,. t i vJ bttw.('n 19Z and 40%.

.__2 A! ion TA.~

" I .• at ljid po-) fi tl tests was conducted under

h, ,a " t A:G.racdn .a Asso,'1It ,,In (Ai-A, 1974). rhe tests in-

vol '.', th ., : '.J . •itc ,.COI;a, t-d gr.,.ond in a diked arva, igni-

I. , 1:!. tho-ri.il ,adiation from th# fire at

di tIt-.nt 1 t ,j t 'j , :I 'M J!Y te entcz. Three different dike dlameters

w, t,'us•'d :,u t.¾ t., . l;'he , u,'e . 1.8 m (6 ft), 6 m (20 ft). and 24 n

o : A ( a I .I t.. Alsc i.x,.ist rvd In these tests were the liquid re-

i?,tk:,',io:1 rT. i, III .t .•oW v,,: th !ire.,t ,jatijtaion from tht- flame to the pool.

ihe tuirw.z wit-, • i.,•. Ith -I depth gage and the latter using four wide-

-IgI ,.; _,', :.c. trN 1'., A, v'- :,i 1:i o dike a'.to'J vert ically ut.ward. Mot Ion

tit, . .. . :. !,t I.-. 'r g :iera.ted bv thc A(GA tests are as

a . •i 1,1 ..l 1oi rIat, varit-d with time (doe to varying heat

i:',i' Ii' :t hc g )id). The quasi-steady state liquid pool
-4

I:u. vaY, ,, •t. i d.iikc hIze. It Ian 1.5 x 10 m/8

S• ,:,'idn) in 1. a :. dirtter I ires, 2.2 x 10-r m/s (0.52 in/sin)

S, t ,.:.. l .3 x l m10- , (0.55 In/min) for the 24 m fire.

",i rt ttt thit was due to back radiation from the

.lt' wI., t'qti"t .,2 e .2 x 10' r/s (.12 in/min) in the 1.8 m

di,,.,e.t I ie,.s .rnd 1., x I- mi/q (0.34 In/min) in the 6 m diameter

:1 .,s.

" ,:.. t,.riniology ,,ncnunter(ed in the study of radiative transfer

froe tireR anr fIa r.ss ave Indicated and defined in Appendix C. Also

given in the A 1puvdix ait the values of constants In SI units.

S)nlv one teni', o! the 24 r. sire was conducted. i'he results from this
tfrt 1', q snjpeT b?,(A, s of ar( fdental ignition of vapors outside the

p1, 1 a1u tho (Ii,,.'i!1nIt dveRtnrction of cables and measuring instruments.

F'.t mal;t ,. vi ' f'I tile' 24. m fire.



9 The average flame to pool radiation flux wad 3.3 kW/m'2 in the l.d m

fires and 4.2 kW/m2 in the 6 m fires. These represented, respectively,

352 and 661 of the total heat transfer to the liquid (from flame

and ground). The dominance of radiative transfer in the larger

fire was clearly seen.

e The angle of tilt of the flame plume by wind could be correlated by:

1 for u* < 1

Cone (2.1)

for i* > 1

u* 1-P. - Dimensionless wind velocity (2.2)

ik" RD]

where 0 - tilt of the axis of flame with respect to the vertical,

" - the liquid burning rate per unit area, (kg/ma s8

v f the vapor density at ambient pressure, and (kX/mY3 )

D - the fire diameter. (m).

Another somewhat more elaborate correlation has also been proposed to fit

the data. The difference between the tilt angle estimated by using the two

correlations is very small (see Section C, AGA, 1974).

o The height of the visible flame could be correlated uRing Thomas'

correlation (see Section 2.3.1). However, in the 24 a test, the

flame heights measured were .about three times the diameter. This

Is about 30% more than that predicted bv Thoma&9 relatioUshlp.

Two different groups analyzing the AGA fire data came to soaawbat

differint conclusions. One group (ADL) concluded that the AGA test data

indicate. the flame height to diameter ratio was essentielly 3 and the

flame emissivs power was 100 kWen2. The corresponding conclusions from

the other group (UE) were that the visible flame heights could be adequately

explainwd by Thos&s' correlation (see below) and that the flame missive
2

power was 140 kW/m
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ei,±C !ra& , .-asiir,...,'ti of Iho int rat ed emistiion from the f l&t-t were

also made ini these ,,:pc, 0r1n-•.t S. Whilc tic, conclusions were drawn trom the

flame 4p,-c.ral me &urq'M"It S, it waRN indicated that a signIficant fraction

of radiation from t'ic ire:i telw.IlV the 6 m and the 24 m) could be

attributed to luminotin soot . Tht fraction of radiation attributed to soot

was reported to 1- in the 0}.t0 to 0.8 rainge. The percent of heat energy

lbertited by (e,mkoust ton whi.h it. emitted as radiation was calculated to be

about 201 tor tht- 1.8 m fires. 25% for the 6 m fires and about 23% for the

24 m fite. These value.s are well withIn the range generally quoted in the

combu!.t ion iiterattire to:- radiation tronr larg, fir,, . However, what is

l,..is certain is the m.tgnitude of this iA-rcentage for a very large fire, or

how it cha.,c:.e wi i. the hi ,h.r L'dro 'arlon rontcnnts of the INC.

The principal conclusion tiom the AGA test experiments was that LNG

fire was highly radiative becakise of luminous soot. There wals, however,

difference of opinion on the magTitude ot the emissive power. General

models for predicting thermal radiation hazards from diked LNG pool fires

were propoq.d.

2..] Rcent Tot• a,' On-Gi• "TvSt S

Sh••o" the co'-rlt ion of the AGA test series there have been no large

salth ISG lite experrtrnts witthin th, U. S. designed specifically to study

the Lhermnal radiation otaput . Test a conducted by University Engineers, Inc.

(Uk, E 19:4) Wer, prhL.arilv intended to stud', the effects of extinguishing

agentrs vn i.N,, dike fires. ( thr LNG; fire tests In the open have been con-

d,-ctze iII the last f.w years in JajPan (Tokyo Gat);) and in England (British

Gas Corn,. ration). .•inv. of these tests involved spills into precooled dikes.

in additionr several L."; fire fi 5 ht tgn 81h0usI. ,1 -At eNl piuduce lN r fi

for training progra-.r.

2. 3 ,:DEI.ING; FIRY. RADIATION

The degree of sophistication used In deterrnining the magnitude of

thermal radiation field tround a fire depends on the accuracy to which the

radiation field 1'-,i; to be described for the end use of the information.

For exam;ple, cort ingencv planning in the tranrsportation of flammable fluids



involves estimating the extent of hazard zones from potential fire accident

scenarios. In such cases it may suffice to use simple models because the

accidental release parameters may not be known precisely. On the other hand,

in developing siting criteria (such as spacing between adjacent stor-

age tanks) it Is desirable to use as accurate a model as is available.

There are basically tLwo models to describe the thermal radiation field

around a tire. The first model, which is very simple, is called the "In-

verse Square Law" model. The second but more sophisticated model Is called

the "solid flame" model. The state of the art in calculating thermal radi-

ation hazards from IN( fires has been discussed in a recent review paper

(Raj, 1977). ?More detailed analysis of these models are included in the

review paper.

The Inverse Square l.aw model io based on the fact that the flux of

radiant energy at any distance from a point source varies as the inverse

square of the distance from the source. Based on this model the thermal

flux (i") at any distance (X) from a fire is calculated by the formula:

- (2.3)/. 2

where Q Q - Thermal energy radla Ad in unit time (W) (2.4)

In the above equation i in the rate of energy released by the com-

bustion of fuel, %nd n is the fraction of combustion energy released in

the form of thermal radiation. The above model nasumes the fire to be a

point source of energy. The model does not account for the absorption of

radiation by the Intervening atmosphere.

he vaiue of the fractional energy radinaed Lannui be de ,*,il theor-

etically. A reasonable value wnuld be ?S%, even though the estimated value

from measurements varies betveen about 15% and 352 (see the roeviewd values

in Raj, 197).

The second approach generally used in the literature to evaluate the

thermal field around a fire is based on recognizing the fact that the

radiation from a fire originates from the hot gases In the plus* and sig-
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nifticant t.norgy c, L.Aiale" from regions whi,', torm the visilile il-Inae.

In short t1At; model taet. i:,tt, e,-cotnt tte effects of sizo- and shape of

fire and tho mpe:ie conment rittton In the fire. A siinlitied version of

thiqt model is called the solid flame model andi "a used widcly for des-

cribing LNG fire radilation WAGA, 1971; AGA, 1974). The solid flame model

assumes the flame to 1',• a cylinJer with diameter oqmial to fire haae diam-

eLer and axial leng•h t,'ul to the length of the visirle fire plume. Also

the flame is assumed to radiate uniformly oser the entire surface of the

cylinder. The tliermal radiative flux at any position (X) from the flane

center is then givvn by:

4" - E F z (2.5)

where E is the rtte (if ener gy radiat ion per unit nominal flame surface

arva (emissive power), F Is A geometric view factor between the flam and

the receiver and i is te, atnompleric transmisaivity for thermal radiation

from the fire. Tne view tattor ialculatton it, in general very tedious

becaune it depends on the flamm, geometry, relative position of the receiver

and the orientaticns of the receivo.r and the flame. Methods for calculating

the view fnctori foi gc.e ral cas,•i ar, given by llottel and Sarofl-i (1967),

Sparrow (1970) Rnd t'0I , e CA 'S 1,; caa' ' R4 in et ,a1. (1h 70 ), Raj et al.

The determinattion of thl' enIAsive pcwer E of a flame is more difficult.

The thermal raiP, ion fr,'n a fire emanates from both gaieous species such

as water vapor, carbon riloxile and carbon monoxide an well as from lualnous

SOOt particles, The g.seoti., ;pecics emit radiation in certain spectral

bands (non-luminout raiiati,,n) whd'rea; the Hoot ratdiation is continuous

over the entire spectral range of Importance. The theories of gas radi-

ation and the models developed to describe the band emission fror various

gases are described in most text books oo radiative transfer (see Hottel

and Ssrofirm, 1967). RecentlY, ,eRla (l097A) has reviewed these models from

the point of view of fire radidttion preiltctions. Hodak (1978) has developed

simVplIfte! calculation pro•vdures for obtaining the gas emissivities. Mark-

stein (1975) has )roposed a model which considers a fire as a two-specie

emitter whose tetal radiance 1q equal to the weighLed sum of the radiance
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due to gas emission and that due to soot. Using a unique laboratory experi-

mental procedure, Harkstein has measured the radiances of ethane and pro-

pane flames (laninar and turbulent). Markstein's data indicate that tur-

bulent fires are less radiative than laminar fires. Also his data seem to

confirm some eerlier findings that in fires the heat release rate per unit

volue of flame is constant and independent of fuel types. This value

was found to be about 2 x 106 w/r3 (11. a 1 m high flame). Based on this signi-

ficant finding deRis (1976) hats attempted to develop a cascade combustion

model for buoyant diffusion flames with a view to predicting the fraction

of combustion energy that ib radiated. This model explains qualitatively

the relative insensitivity of the fraction radiated to the fuel flow rate.

It is known generally that a significant fraction of the fire radi.-

ation originates from the luminous soot. Markstein's data for turbulent

fires of Uropane and ethane indicate that in very large fires about 986

of rad•ation is emitted by lumininup soot. The emtfisivitv of soot d.oends

on the mean• volume fraction of soot, the temperature and the flame size.

The soot spectral absorption emissLoi coefficient it spproximately propor-

tional to t-...r . wf !'nth of.an can be expre•.-.d by (Dalrell end

Sarofi,, 1969):

k - B f/, (2.6)

where Ba is a dimensionless constant of magnitude between 4 and 10 (genrr-s

i.ly assumed to be 7) and f is the volunw fraction of soot. deRis (1978)V

has shown that based on the above oluation the emissivity of soot is:

F- - 1 (I /-4) ý (3) 1 - B! !XT/C' ) (2.7)

where t(3) is the pr~ t,i , ga,.:a fhit, tior,* X it the path length for radiation

and C, is the Planck s,*-ond imitar,'.. There are no comprehensive models

to describe the formation of soot or to estimate the amount of soot pres-

ent in a given fire. Therefore, th,! use of the above equations is liaited.

Pent& Caira funutio7 Ig d.,fined hy:
•'( ) ( ) I t)e- Zt

"( f dt,
(1-c.' )

See Abramowitz anoa btegiin (196f/), p. 260.
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Current fii id<i.ation models are at a stsge where given the tepera-

tu.re of the gases, the K,,irtial pressures of gaseous species, the soot con-

centration id the bize of firr it is possible to predict the emissive

power of tlhe fire with at lehat an accuracy sufficient for engineering cal-

culations. Unfortunately, hoavver, none ,f these values are known a priori

in a larKe JiffioSin, fire lnd that is why the prediction of radiative out-

put from sieh ti-.-s i.i difticult. This difficult7 has been overcome in

many InstAiLies by olrtect measurements of emissive power in experiments.

Thib certainly iN thv v'ti, with 12-C. ftrts.

2,4 SCALIN(; LAWS

In extrapoliting the rt'lt from small-scale experiments for predic-

tion ()f the hazardti , Itre,-v-sc.0c. ý,ill tihes, it is cesential to know

the laws of s,'aling. Rtviwk.wi in thtis section are the scaling laws for the

phvsicil si~e of the fir' as well as tile scaling of radiative characteris-

tics of turbulent diffusion flame.s. The emphasis in the review of physical

sie scaling lan.s is on INC" F-pill5 on water.

2.4.1 Sz cln

Pool Si zr

In the site skla•lng of it IG fire on water, th_. paramters of impor-

taince are the voltie of aipill. the duration of spill, and the rate of mes.

loss per unit areat (v.ipri/ar ion oi rjeget.g,•on tate), VIC MTr aximi:m diameter

It t . , it ti, ta . flit. t%, i• , n b... txF.. et al., 1974):

2 " - j for Instantaneous spills (2.8)

" *[i • Yj for continuouR Rpills (2.9)

where V Is the volua* of liquid spilled, 9 is the regression rate, A the

1'.quAd IraJti(oial deinsitv d.tfect &odo t is the dITation of spill when the

volume V is spilled continuously at a constant rate. Other researchers

have also obtained similar expressions which differ only In the magnitude

of the conmtant factor (for a review see Otterman, 1975). Expresgions
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for the size of the pool during the transient spreading phase are also

available (see Raj, 1977; Raj and O'Farrel. 1978). In a recently pub-

lished paper (Raj. 1979), the issue of classifying 3pills into irstantaneopus

and continuous has been discussed and a criterion has bean derived, A

ipill is classified as "instantaneous" if:

t t c(2.10)

Duration of spill A critical time
of volume V

where for LNG spills on water (spill volume in the range 1000 3 _ 50,000

a 3) the critical time is given by:

tc - 2x 10 V13 - (2.11)

If equation 2.10 is not satisfied, the spill is assumed to be a con-

tinuous spill.

Visible Ilame Height

The height (or length of plunw,) of a visible flame La dependent on

several pmrsameers Including the size of the fire (diameter), the mass flow

rate of fuel vapor, the nature of the fuel and other ambient conditions.

Different correlations exist relating the visible lengtr-to-diameter rati,

for other parameter". Thomas et al. (1965) derived the following correlation

to a free-burning tturbulent fire, dominated by nelf-induced buoyoncy forces

and self-generated turhulenc'e.

L , - " 1 "'61

where i" in the sess hurrti'~ rate per ,init pc.ol irea, and o ig, the density

of air. Steward (1970) and more recently, Becker and Liang (1978) have

developed flame longth correlations based on laboratory dsta.*

* AGA flame height data did not agree with Steward's correlation. 1 tur-
sory look at the data from present experiments did not check the Becker
and Liang corrl4at ton (which gives LID - 11 for pool sites tested, where-
as observed values are in the 3 to 4 range). Therefore, the details of
these correlations are not diecuesed.
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It should be noted that the visible flame does not represent the com-

plpte radiative surface. In the upper portion of the flame, both flame

temperature and soot concentration decrease with height so that the con-

tribution to the radiometric data by the Infrared portion of tht spectrum

becomes increasingly dominant (Markatein, 1976). However, at this stage,

the flame may not be visible. The difference between visible surface and

the IR radiating surface is a small fraction of the total; for many prac-

tical purposes, the distinction can be ignored.

2.4.2 Radiation Scaling

The amount of energy emitted per unit area by a black body is propor-

tional to the fourth power of temperature. The temperatures of fuel fircs,

in general, do not vary significantly and are in the 1200 K - 1500 K range.

From a radiative point of view, both temperature and emissivity are impor-
tant. Emissivity for a continuum (or grey) emitter can be expressed by:

c ,- 1 - e~ (2.13)
e -

-1

*nurek is the mean absorption coefficient (m-) and D the flame size. For

band emitters (such as H2 0 and CO2) the relmLluhlip i1 tiot slmple. The

emissivity depends on the temperature and partial pressure beam length

product.

t band " f (pl., T) (2.14)

Graphical representations of the above function for different species are I
available in ra4iative transfer text hooks (seV Ilottel and Sarofim, 1967).

If 4ynanic similaritj y exists between an experimt.ntal fire in the labor-

&tory and a fire in the open Ihnui Cianti•. ... be ;C--lcd using the

above equations. Of course, beyond a certain size the emissivity may be

almost 'jnity. For fuel fires, this thickness ranges from about 3 to for pro-

pane and 5 m for othane, to about 10 m for methane (lMarkatein, 1976).

For turbulent diffusion fires generated by controlled fuel vapor flow,

scaling laws describing the physical dimensions of the fire and the radiative

output have been developed by Markstein (1976). The validity of these scaling

laws for a pool tire, in which the evaporation rote of the pool (i.e., the
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vapor flow rate) is itself dependent on the radiative characteristics of the

fire and its size, has not been demonstrated.

Radiative transfer in fires is an area of continuing research. WJhile

significant progress is being made in several areas (such as developing a

comprehensive combuation model fzr a buoyant turbulent fire) many other

problems have not been investigated adequately. One of these, for example,

which has significant relevance to large LNG spill fires on water, is the

question of size stability. If one kept on increasing the size of the

pool. is there a critical size beyond which no single diffusion flame is

sustained on the pool. but instead would one find a cluster of smaller

pool fires? In such a case, what are the parameters that influence this

critical size? The question is not academic; for if the flame size (and

therefore the flame height) is reduced but yet the flame is optically thick,

the radiation hazard zone will be significantly reduced.

2.5 UNCONFINED VAPOR FIRES

Vapor fire experiments have been conducted before (Gaz de France, 1972,

AGA); however, these were not intended for studying either the flame propa-

gation in vapor clouds or the thermal radiation from such fires. The data

that could be gathered from these tents were reviewed by Raj and EAmons (1975).

Also developed in the same paper IA a model for the propagation of turbulent

fire in an unconfined vapor cloud and for estimating fire size. Another type

of vapor burning in the form of a fire ball has been proposed by Fay (1975),

Fay and Desgroneillierg (1978), and Lewis (1978). The propagating fire

model and the fire ball model have been discussed by Raj (1977) in the

review article. Hardee et al. (1978) have also developed a simple fire ball

model. Small-scale experiments in the 0.1 - 10 kg range (with pure methane

and premiyed methane air mixtures at ambient temperature) have been performed.

The experimental fire balls were smaller than the theoretical predictions.

Combustion times seem to agree better.
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13
system. The tank is t vertical cylinder of nominal capacity -- 6 m

(2 m diameter x 4 m height) and is insulated oa the ovtside with about

0.2 m thick polyurethane foam. The insulation is painted white

(silver) to reduce the radiative heat leak. The tank is located about 15 m

away from the center of the southern edge of the pond. The spill line starts

inside near the tank bottom and extends through the top of the tank. Ex-

ternal to the tank, it is basically an insulated 0.15 m (6 inch) diameter

pipe except towards the discharge end where its diameter increases to 0.2 r.

(W inches). Transfer is accomplished by introducing nitrogen into the tank

vapor space thus forcing liquid through the spill line. The ullage space

in the tank is connected to nitrogen cylinders through remotely operated

pressure reduction valves. The nitrogen cylinders are on a flat bed truck

which can be seen in Plate 3.1.

The spill line over the pond rests on a pipeway supported on a trestle.

The center line of the horizontal section of the pipe is 2.2 m above the

water line. The discharge end of the pipe has an elbow with a short ver-

tical section exactly above the center of the pond. The exit section of

pipe is 1 m above pond water surface and discharges liq•id vertically darn.

A circular metal plate (0.5 m d ,meter) is suspended from the pipe with

the plate surface just beneath the watze MurLfoL. Thild plate Is intended

to prevent the 12tC jet from impinging on the bottom of the shallow spill pond,

A radiation shield Is provided between the stainless steel tank and

the pond edge to minimize heat radiation to the tank from the LNG

fire on the pond. Also irovided is another thermal shield to protect the

thermocouple junctions and other instruments from fire radiation.

.eteorological data are recorded from two st.8tions. One station for

wind speed and direction is on top of the bunker. The other is located

at about 10 m upwind from the SW corner of the pond. "this station records

wind speed and directioii 2 m above ground, temperature, pressure, and

relative humidity. In addition, for 'est #12 and later tests, wind direc-

tion knd velocity at 10 m above ground and lapse rate up to 15 m were re-

corded at pond station.

For the initial two tests a matrix of thermocouples was provided

underneath the water to measure the heat transfer from the water to LNG

(by noting the instantaneous temperature of water). This matrix consisted

3-4



of 6 therwocouples loc~ated vertically beneitth At witel sur-ace aIt 2 mm

ineervals. There were 5 such vertical arrays drir3iiyd at 2 Tr, splacing

along the downwind (NE) direction from the spill point. Seven additional

surface thermocouples were also provided. TheytC thermocouples were not

used in the later tests because the surface temperature data obtained in

the first two tests were veryv noisy probaSly due to wave effucts snd Tio
sense could be made of them. Therua.'couples lowur iti the Water regist~ered

no observable temperature changes.j

The test equilpMCAt also included eluctrically initiated flares. For

igniting the pool fire, an ignitor was provided about 1/2' m behind the

exit section of the spill pipe. The niumbe-r of ignition flares for the

vapor fire tests varied between 2 and 3, and these were located on land

on the downwind side. Their exact locaticns in each vapor fire experiment

are described in Chapter 6. A safety flare wit- also provided midway be-

tween the bunker and the pond. This was Intended to Ignite any vapors

that might blow in the direction of the hunker.

3.2 INSTRUME~NTATION

The principal. instrumentg used in the- series of tet~ts described int

this report were designed to measure the thermal radiation output from

the LNG pool fires on water and the LNG vapor fires. Jn addition, photo-

graphic, meteorological, spectral, and some gas concentration data were

obtained. Table 3.1 gives a summarv list of the instrunkents used, their

type and manufacturers, significant specifications, number of instruments

used and other special information.

Twvo types oi instrumerLm -ei-&F- ugild ~ " r*(tiAtlve output

of the fires. These were the wide-angle radiometers (with view angle of

150*) And narrow-anglo radiometers (vie.w angle 7*). Both radiometers were

water cooled instruments. The inntruments were provided with windows

(quartz, sapphire) to prevent the air currents from affecting the sensing

elemtents. The Actual types of windows used on cach radiometer are Indi-

cated in Chapter* 5 and 6. Since the wide-angle rad!iometers view the

entire flame. their output gives an average valuie of the total emission

froma different parts of the, flame. The narrow-angle radiometers Indic-ate

__ _ ~ . -.3-5
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the emission from a specific area of the flames. In the experiments, the

vide-angle radiometers were set up with the axes of the instruments huri-

zontal and aimed mostly on a vertical line directly over the spill point.

In the case of narrow-angle radiometers, the "aim" was different in dif-

ferent experiments mad the.we are indicated In Chapters 5 and 6.

In only one experiment (Test 95), a spectrometer was used to measure

the flame infrared spectrum. This instrua.nt was mounted on a mobile

trailer and located a distance of 236 m from the pool fire. The spectrom-

eter (a fast-scanning Michelson type) had a scan speed of 0.5 a.

All oi the tests were recorded on movie films viewed from three

different directions. The movie cameras were located on the cross-wind

direction to get a side view, on the upwind (or downwind) to get a second

orthogonal horizontal view. Another camera was suspended on a guy wire

between two poles held aloft at about 80 m above ground. This overhead

camera was arranged to record an overhead view of the experiments, but the

full field of view was sometimes reduced since the camera tended to away

in the wind. All of the cameras recorded the experimental events at a

speed of 100 frames per second.* Two of the pool fire tests were also

recorded on 70 mo still films.

For the vapor fire tests, hydrocarbon sensors were located at 5 down-

wind locations on land. The sensors were installed about 0.6 m above-

ground. These instruments were intended to measure the vapor concentra-

tionu before the ignition of the vapor. by flares.

The electrical signal outputs from all of the measuring instruments

were connected to a data logger and to the high s.peed tape recorder

lo••.a i±n thc f-n-tru...t bunk1r by cables. The data logger is capable

of taking in 30 channels of input. All channels can be scanned in 250

Ms. In experiments 1-11, wind speed and wind direction were recorded on

two channels each (on the tape recorder). one channel each of ambient

temperature, preesure and relative humidity were also recorded. From

Test #12 on, additional data such as wind speed (1 channel), wind direc-

tion (1 channel), ambient temperature (0 channel) and temperature differ-

ences (4 channels) in the atmosphere were also noted.

In only one experiment - a vapor fire experiment, two additional movies

were taken, one at 24 frames per sec and the other at 100 frames per sec.
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The progress of the experick-nt was also monitored from a close-circuit

television in the inbtrument bunker. The television camera was mounted

on top of the bunker and had the ability to zoom on any specific spo:.

Also the camera could be panned.

Thermal imaging films of the vapor cloud w..re iuade in 01e experiin-nt.

Tnermal imaging indicates the temperature dintibution within the cloud.

The principle of thermal imaging is h~ised on the fact that the tranamis-

sivity of the various parts of the cIloud for thiotral raliation from a back-

ground source (such as the desert) is a function o,: the tt.mperatture. Be-

cause of the significant expense in the use of the thermal imaging camera,

Its use was discontinued after a single vapor fire tcst.

Additional instruments used included pressure gages to monitor the

tank pressure, and a liquid depth gage to record the liquid level in the

tank. These instruments were also monitored rt.Mtely from the instrument

bunker.

3.3 EXPERIMENTAL PROCEDURE

The experimental procedures followed for both puol fire tests and

vipor fire tests wecre um, toa cr t..i t.-, bend -- ,ch the,.

differed because of the nature of the tests. In brief, the test r,.-

cedure consisted of the folloving sequential steps.

1. Based on the wind direction and wind sped requirements for

the test, an appropriate day for the test was chosen using the

meteorological prognosis as a guide.0

2. The cryogenic tank was cooled by ING. If the tank was at ambient

temperature, it was first cooled by adding LN(; slowlv isid cooling

the tank by vaporizing the LN(G urtil the tank reached the LNG

boiling point. The tank was then drained to lemove enriched L.NG

and loaded with fresh charge. If the tank was cold from a pre-

vious test, it was first drained to remove residue and loaded

with fresh L2NG.

Significant delays were experienced in the test schedule, waiting for the
wind to blow from the proper direction. Teats were not ccnducted for
reasons of safety when the wind was blowing towards the bunker. Also be-
cause of the peculiar weather patterns over California during 1977, meteoro-
logical predictions on wind directions proved to be inaccurate.
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3. On the day of the teat all inatruawnts were checked and the wind

speed and direction were monitored for at least 2 to 3 hours be-

fore the test time. Also the tank was pressurized to between 2

and 6 atm (depending on required LNG flow rate) with nitrogen.

When all systewm were found to he in order and the wind was in

the proper direction, the LNG spill initiation sequence was begun.

The wind direction was less of a consideration (than wind speed)

in pool fire tests.

4. The spill line was precooled by remotely opening the cool-down

valve and allowing a imall amount of 1.NG to flow down the spill

line. All the recording instruments were turned on. The spill

was initiated by electrically opening the solenoid valve located

in the discharge pipe about 1/3 of the pipeline length from the

Lank. The time at which the valve opened was recorded. During

the liquid discharge from the tank the pressure inside the tank

was maintained to assure constant liqtiid flow rate. The pres-

sure was preset tit a value coma,,nsurat, with the desired rate of

f low.

5. The spill was monitored on Lht: TV screen in tlwe Instrument bunker.

In the case of pool fire tests, the flare wa.4 ignited at the same

timtv the spill valve was opened. There is an inherent delay be-

tween the time the flare Is Ignited and fire appears from the

"flare case. In addition. there I4 A further delay until an ig-

nitable gas mixture reaches the flare.

In the case of vopor fires, Ignition wva not effected at tite

apiii point. The vapor cl.uk, lorrud was allowed to drift over

land. The land bised flares were ignited when it appeared from

th. TV view and from the hydrocarbon sensor data that an ignit-

able mixture hiwd resalied them.

6. The spill vdlvC on the discharge pipe wag closed when the volume
3

of liquid In the tank rqeache'd I t23, This "heal" was left in the

tank t • keep it cold until the next test.

I- I



"ho~ data ,i t u inud dur Ing flet~ es t we i - vim I i v o n I to rod and(

1 #At r pi o, eaned on L 1w N1.4 -omptitvr .Pr itt JU~I Of thle SIKIal

strength (ill mv) In indIvidual khAnrve'1 uitL rtiin w.ere

cIhtji ied . Altio plot tt-d from tht- 11git izeI d ~t, w-i the

8.The~ m~tlo~i pti~ tirc ! lmrt, w.cvc ictj l it: Ti.*.d he

data Obtainled ill th'W vXi't i~r.'nt- sti* i I v . i l'd IOtis Oil

tht. betlxitvior o t th 31! !erera t Ij O i 'eih tifl oi.,

thre tXpur imeiltý rivte df ~cusscad Il dJ ti. i ti- wio-o.'e.l



1.(. FRAW, R&DIAI ,4 SPECTIVr.1

4.1 INTRODUrTION

An understandiuK of the infrared radiatlon omiHmion spve:tr-tn from an

U2N(C tl:•at, Is Importunt from the point of view of knowing the distribution

o!t n•nrgv in k-arlo,: ban~is and how this energy distribution I1 affected

by tliv tiar.i, l +e, :liome Tco st•itttion an'l by the meteorologi(al cundit'or'.

"1 h. kt.,wl edge o tt he tL iir rdtance rtom tliv 2 1 , .nd the energy di.,-

,ilbutiou. in various -v.a'.v length-s cat titii hbc ,.till:ed ,'.ong with t!,v

t s•t tp Ion citrictvt tIst Ics of the atm t ilhtei (w at Vi V ,,j ii id carbon

oitxdie)) to unt imatt' tiit d.tiz tntus'i I oin tI., I I Vi"-,,h.. -it -u iclt ar tious ltcVels

,,I adiiation hazards are produced.

In the current series of LNG fire experiments described in this re-

pt,rt, only in one experiment (tent PS, pi)ol firt,) was ithe tire radiation

spe(ctrum measured. In this chapter the details of the measured spectrum

.And its analysis are described.

The principal products that result from the (stoichiometric) combustion

of methane and air are water vapor, GO ani niitutir. An ",'J,'-on, in....

cnie of hydrocarbon diffusion flames where the rate of entraineent of air

i,, determined by the ,haractc ritica of the fire, soot formurs ion occurs.

Het e, the principal thermal emittvrs in ain L.N(. fire are expected to be

water vapor, CO. and soot. However, there may l.so be other emitters much

ai C;O, CO. and other Intermediate rearction prod•c •s.

4.2 EXPERIYENThI. SPECTRAl. DATA

A r1,r~~'.0! ono hnol!k.d twntv eight (12h) fait &cain spectra were measureo

.iri, g t-qt #'t Involving a pool fire on water. The durRt ton of each

scan was about q. seconds. The Instrument wat, located at 236 m (77S• ft)

from tlip spill point mounted on an Instriment trtio,; pared lust behind

vc hu r at the test nite. The spectral range scanred wave lengths

Iro•t 1. m to 5.5 om with a resolution nf 7.7 cm- . The data obtained

'roM dIfferent scans have been reducedi at approximately 5 second Intervals

'itartlnr v'ith the first at S.4 % after the Initiation of Ignition.
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Figures 4.1 and 4.2 show two typical snectra measured at about 15 seconds

and 40 second* respectively, after ignition. A complete package of the

reduced spectral data from the experiment is given in Appendix D.

4.3 INSTRJUMM AIND CALIBRATION

4.3.1 Description of the Instrument

?he instrument used for the spectral measurements was the fast scan-

ning fitchelson Interferometer, made originally by General Dynamics and sub-

sequently modified. No fore optics were used either during the calibration

or during the measurement. The field of view was, therefore, defined by

the detector lens and the mask on the face of the detector to a 6" (full

cone) angle. The detector was a liquid nitrogen cooled InSb diode and

the beam splitter was made of Kir. The choice of the detector limited

the interferometer to wave lengths (1) less than 5.5 pm. The spectrometer

had two Irtran 2 windows and two PbSe field lenses. A schematic diagram

indicating the salient features of the interferometer used is indicated

in Figure 4.3. The workings of the spectrometer are described In Appendix A.

4,.3.L Calibration Procedure and Scale Factor

A spectrometer must be calibrated In both wave length and energy. In

the case of the fast-scanning Kichelson interferometer that was used in the

experiment, wave length calibration is based on the built-in He-Ne laser

which controls the sampling rate of the recording of the interferogram.

The instrument is thus inherently calibrated in wave length.

The spectrometer wined in the test was calibrated against a standard

black body scource at 1116 K. The details of the calibration and the

equations for determininK the 11 alt. f, t,-r I .Ae n, th-- ,2•Used

to view the flame are described In part 2 of Appendix A.

The theoretical black body curve for a 1116 K temperature source and

the seasured spectrum are indicated in Figure 4.4. It is seen that the

measured spectrum and theoretical spectrum are in excellent agreement over

oast of the wave lengths. The wide scatter In the measured spectrum between

1.5 us and 2.0 ijm is probably due to noise generated by instrument problems.

The line structure at 2.5 ,m is due to water absorption lines. The significant

4-4L
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dip at 4.3 us (CO., absorption) seems to be inexplicably large, considering

the calibratior, was done dt short range to minimize attmospheric absorpt ion.

The spectrometer calibrated as above was aimed at the flame In Test

05 from & distance of 236 m, The resulting spectra are presented with

the full scale on the graphs representing an apparent spectral radiant

intensity of 2,000 kW/ sr tim. (NWC, 1976.)

At a range of 236 a (774 ft) and a full cone angle of 6*, the fle]d

of view covers a diameter of abotit 24 75 m. The center of the field of

view of the spectrometer was aimed at. between 3 and 5 m above the spill

point. A schematic of the field of view at the instrument aperture is

ahown in Figure 4.5. The actual flame shapes seen by the crosswind movie

cauera at about 20 seconds (+ 0.5 a) are also shown in Figure 4.5. It

is estimated from the motion picture films of the experiment (see details

in the next chapter) that the flame diameter is about 13 m. The view is

such that a part of the reflection of the flame in water Is also "seen"

by the spectrometer. Some energy received (by the spectrometer) there-

fore represents the reflected energy from the water pool. However, this

represents a small fraction of total energy received because of the com-

paratively smali flame area "seen" in reflection. Auu", the Leflec~ti-

vity of water is only on the order of 20% f:-onm 1 - 6 us (with the ex-

ception of a peak of 40% at 3 irn). Therefore, we estimate the projected
2+ 2

flame surface area seen by the spectrometer to be about 213 m - 13 m

assacing that the aim of the axis of the spectrometer is 4 + 1 m above

spill point.

Based on the above estimate for the area of the flame seen by the

spectrometer, the spectral radiance represented by the full scale on the

spectral graphs are

Spectral radiance - 2-OOO - 9 + 0.54 kW/m2 r ur
(full scale) 213 0.54

4.4 ATMOSPlIERIC ABSORPTION

The principal constituents of the atmosphere that absorb thermal

radiation are the water vapor (H 0) and carbon dioxide (CO ). Table

4.1 indicates the composition of various gases in the atmosphere.
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I • Flame mhe• easured from

I". crosR wind movie filims (test 05)
at 20 t 0.2 s after ignition

84 m

Diameter of field of
view 24.75 v

FIGURE 4.5: FIlD OF VIEW OF SPFLJTROMLTER AT 236 m AND THE

RELAIIVE IifC,ýATIOS OF THE FLAME IN THE VIEW.
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TABLE 4.1: CONSTITiUENT GASES 1h TIE

ATMOSPHERE ANT) THEIR CCNC, 'ATIONS

Concentration In Atmoaphere

Constituent Gas _ btvolume)

Nitrogen 78. 088

Oxygen 20.949

Argon 0.93

Carbon Dioxide 0.033

-3
Neon 1.8 X 10

Helium 5.24 x 10-4

Methane 1.4 x 10-4

Krypton 1.14 x 10-4

Nitrous1 Oxide 5.0 x 10-l5

Carboni Monoxide 2.0 x 10

Xenon 8.b x 10-6

Hydrogen 5.0 X 10"6

Ozone Variable

Water Vapor Variable (depends on
temperature and relative
humidity).

Source: Wolft. (1965)
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The CO2 content in the atmosphere is in gý?nera, constant at about
330 ppu by volume, water vapor content variet strongly with temperature

and humidity. On the day of test 15 for which the spectral data are

available, the ambient temperature was 294 K (210C) ant relative humi-

dity. 542. Figure 4.6 indicates the relationship between atmospheric

temperature, relative humidity and the amount of precipitable water vapor

in a given path length. Using this figure and a path length of 236 m

(775 ft), the precipitabie water vapor is estimated to be 2.3 mm.

The principal absorption bands for water vapor are at 1.87 pro,

2.7 urn, and 6.27 um (Wolfe, 1965). Minor absorption bands also exist at

0.94 urm, 1.1 um, 1.38 prm, and 3.2 Pm. Strong absorption by CO exists
2

in the 2.7 im region, the 4.3 tim region, and the region between 11.4 vta,

and 20 um. Weaker absorption bands are present at 1.4 wm, 1.6 um, 2.0 vm,

4.8 vim, 5.2 urm, 9.4 prm, and 10.4 .,m. As the temperature of the emitting

or absorbing species increases, the bands tend to broaden.

A useful concept for the quick estimation of atmospheric absorption

of continuum radiation Is the "equivalent bandwidth of complete absorption."

One calculates the integral of absorption over an absorption band and in-

Lerprets the result au thAe ,idL' %,f a "rectangular" co•per¢e abaorption

band equivalent to the real band profile. For a continuum source, the

effect of such opaque bands is then easy to estimate. Three absorption

bands, in the range of interest (1.5 um through 5.5 urn) can be described

in this way. These are the water bands at 1.87 um and 2.7 vr and the 4.3 um

CO2 band. The water absorption beyond about 4.7 urm is not as readily dealt

with since the band structure iR not narrow compared to the range of inter-

est. However, the fraction of total energy from a 1300 K black body that

lies beyond 4.7 u L& ni'ut 25 arl that.. bzc. 5.5 *----oly19. h

results of total absorption bandwidth calculations for the above three bands

of interest are given In Table 4.2a and 4.2b. The calculations are based

on the data available In the Infrared Handbook (Wolte, 1965). Also given

in the tables are the fractions of a 1300 K black body energy that will

be absorbed in each of the bands. Atmospheric temperature is assumed to

be 300 K in these tables.
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TABLE 4.2a: TOTAL ABSORPTION BAND WIDTH FOR 1.87 wm
AND 2.7 um WATER BANDS AT 300 K

1.87 oim Band 2.7 _pm Band

Total Total
Absorption Fraction Absorption Fraction

Precipitable Band Width of 1300 K Band Width of 1300 K
Water AX Black Body Black Body

. (wm)_ Ener Absorbed Gm) Energy Absorbed

5 0.16 .04 0.58 .16

2 0.12 .03 0.51 .14

1 0.1 .03 0.45 .12

0.1 0.033 .o1 0.22 .06

0.01 0.01 .003 0.07 .02

TABLE 4.2b: TOTAL, ABSORPTION BAND Wil)'1t FYOK 4.3 ujm
CO BAND Al 300 K

2

Total
Path Length Absc,:ptIon Fraction
Through the Band Width of 1300 K
Atwosphere , Black Body

Energy Absorbed

1000 .28 .04

236 ."* .03

100 .22 .03

10 .17 .02 h

1 .065 .01

o.3 .033 .004
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The det 1l,.J _A'Oulat ioii It hth am•sph,,ri, tki',,sr.iAtivit" for

different wave 1It-iths is .n ted'ouL. Jo)'. Fortunately, the absorption is

minimal exccpt at certain bana-t. The atmospheric absorption tables for

different path lengths, bands and humidity conditions are available in

the literature (see Hudson, 1969; Wolfe, 1965). Utilizing these tabu-

lated values we have estimated the transmissivity variation in the

atmosphere with wave length for a path length of 213 m and 2°(C, 54%

relative humidity (2.3 mm precipitatile wrter vdpor).

Table 4.3 showpi the transrtim;Nvitv .of P,-' (. ,m t.f precipitable water)

and CO2 (200 m path length) and the tot.0l trii1smisq.S4vIty as a function

of the wave length of radiation. The total transmissivltv is plotted in

Figute 4.7. This transmissivitv is construed as the one applicable to

interpreting the spectral data. The error duc tv the use of data for a

200 m path length for CO, (instead of the actual 236 m) and for 2

precipitable water (instead of the actual 2.3 m) is expected to be

atoll.

4.5 ANALYSIS OF SPECTRAl. DATA

During the experimenit. 128 spectral si. were made (each scan of

duration 0.5 second3). Data from 12 representaltive spectra have been

reduced, spaced about 5 ý,,conds apart. The durat ion of the Intense fire

in this test lasted only for about 26 racondas, and the spectral data

covered this Iuriaionand beyond. Figures 4.1 and 4.2 are typical

spectral records representing an early s~age and latter stage of the fire.

All of the 12 spectral records meaqured and reduced are given in Appendix

D. Only one record is analyzed In detail for making quantitative esti-

mates of fire radiation and for the purpotes of dtscusslons.

At a wave length of 1.9 om and 2 =mn precipitable water, the fraction
of energy absorbed in the atmosphere, according to the table in Hudson
(1969), is 0.17.-. However. this 14 In conflict with the measured spec-
trum where the abaorption in mbout 981, and It it also In conflict with
the data in the IR Handbook (Wnlfe, 1965).
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TABLE 4.3: VARIATION OF 7RANSNISSIVITY OF ATMOSPHERE WITH
WAVE LENGTH FOR THE CONDITIONS OF THE EXPERIMENT

Wave Wave
Length Tranamt s ivity Length Transamisaivity

(u) H2 0 Co2  Total. (11m) H2 0 C2 Total

1.5 0.98 1.0 0.9$ 3.6 0.97 1.0 0.97

1,6 0.11 1.0 0.11 4.0 0,99 1.0 0.99

1.8 0.24 1.0 0.24 4,i 0.98 0.97 0.96

1.9 0.82 1.0 0.82 4.2 0.97 0.55 0.53

2.0 0.93 0.95 0.88 4.3 0.95 0.016 0.015

2.1 0.98 1.00 0.98 4 4 0.91 0.32 0.29

2.2 0.99 1.00 0.99 4.5 0.87 0.95 0.83

2.3 0.98 1.0 0.98 4.6 0.82 1.0 0.82

2.4 0.91 1.0 0.91 4.8 0.74 0.97 0.72

2.5 0.69 1.0 0.69 5.0 0.63 1.00 0.63

2.6 0.002 1.0 0.002 5.2 0.3d 0.98 0.37

2.8 0O001 0.8 0.001 5.4 0.12 1.00 0.12

3.0 0.4 1.0 0.4 5.6 0.002 1.00 0,002

3.2 0.67 1.0 0.67

3.4 0.88 1.0 0.99

"* Reference Kruse et al. (1962), Hudson (1969)

"* Conditions of the experiment 21°C, 54Z RH (2.3 =' precipitable
water vapor).

"* Table It based on 2 mm water vapor and 200 a path length for CO2
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4.5.1 Analysis of a Specific Spectral Scan

Pigure 4.7 shows the radiation spectrum measured in scan #56 at

about 20 seconds after the ignition of the spill.* TbL, motion victtii

records of the experiment and the radiometer data (see Chapter 5) indi-

cate that at 20 seconds after ignition, the burning Is "intense" and

quasi steady.

The figure clear],' shoas ti:#- Atmospheric absorption of the radiation

by the 1.17 am and 2.7 •.r. water bands and by the 4.3 •m C02 band. TVe

flame has no retiemllance. spectrally, to a black or grey body emitter.

This is not merely due to the atmospheric and other absorption spectra

superimposed on it but c'•t 1ifly dud. to the fact that a very large part of

the radiation originates from gaseous species, chiefly H20 and CO2. The

remainder of the total omission comes from luminous moot particles. Fven

the latter will not necessarily omit as an isothermal black body radiator

because the outer layers of the flame will be at different temperatures

than the inner ones. The soot particles, in general, are much smaller

(1000 Aý) than the wave lengtho cuitrospu~itaio to ~I~e pzak cmi-calon inten-

s8tv of a black body in the temperatuire range of 1300 K - 1500 K (2.3 vm -

1.9 Lm). Therefore, wave length dependent effeI'ts and the non-uniform

temperature effects can he expected to influence the emission from opti-

cally thin luminous soot layers. In particular, pecultar spectral bright-

neng changem for the particular wave length can be expected toward the

limb of the flame in contrast to a uniform Lambertian radiator. A Lamb-

ertian radiator is one In which radiance falls off strictly with the cosine

o0 the angle of emission Wi0 it pcto to he dircrt-- of v,• -

Our analysis of the spectrum shown In Figure 4.7 indicates the

fo l lowing:

The full-scale value of the ordinate in the figure is equal to an

apparent flapt. intenaity of 2000 kW/Sr um. To get the actual rtdi-
ance at any wave lengthi, the measured radiance has to be divided by
the tranastiwsvity of the atmosphere.
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Tin Lie • .; eL t I te•- ., >d. II t- Ii. 4.h , zeg'h a iF- ;,r bat-lv die .o t",

noise in the insttumenrt. Tlin I.; also ipparent in thoe Cdibrcttlo:,

can be seen in Figure 4.4. Powever, the mean lcvel of the noise aiti 1-r

interpreted as lue *o so.ot cnzis-Ion.

1,7 5 - 2 1:a

This region is dominated by the 1.47 ,an waA.,r (and aoute COQ) &.-

sorption band. The slhape of tne :,put rut:. ayrev, wi"th known atmospheric

spectra, but not with the atmospheric i*soipti o tabcs iudicated by

Hudson (1969). According to Plasm in l.k. Tiandbook (Ref. Wolfe, 1965),

the equivalent total absorption bandwidth at 1.80 •Ji is 0.12 vim. In

fact. it is seen from the data that the totally absorbed band has a width

about this value.

2.0 - 2.6 im

Since most of the water vapor and CO(2 emissions from the flame are

absorbed by the same species in the atmosphere before rea•-hlng the spec-

trometer. most of the spectral record obtained (F/gur, 4.7) can be inter-

preted as Indicating the luminous soct emissloi, modit led by atmaospheric

absorptioii. The moot probable soot emiisson Is indicated In Figure 4.7.

The peak spectral intensity due to soot emtimion is probably within the

2 La to 2. 3 ýa wave lengths. It is seen that tht- soo• is assumed to

be a grev emitter. *i. ts.K(mp Iiature Is Iet -,,-.n 1.450 K ai . 12bO K. The ab-

sorption between 2.2 - 2.5 -,= is probably hcaused by hydrocarbons (butane,

propane. ethane, and mthane) at an intermediate temperature. Considering

the probable soot line Indicated in Figure 4.7, and the actually observed

spectrum, it is seen that the minimum transmission is about 70', through

the at-osphere. This occurs at 2.15 ,,m at th ashove wave length. There-

fore, if the absorption were due to low conuentration, cold hydrocarbon

gases one would see more line structure than has been ohnerved. It can,

therefore, be inferred that what in observed is due to hot (, 1300 K)

relatirely high concentration gases, which iav he optically thick. We

are unable to explain where these gases may he located in the flame.

For the amount of precipitable water vapor (2.3 mm) contained on the
day of the experiment between the flame and specttrometer.
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F

2.6-4.3 3m

This region is dominated by the total absorption wate vwapor hnid it

2.7 Pam. AN can be seen from Table 4.2a, the total absorption bandwidth

is about 0.5 ,;m (for 2 mm water). Hence, one expecti; the "woll" to

occur between 2.45 .,n through 2.95 ;,m. The nctnallv ohserved "well" i,

only between 2.55 im - 2.75 1 m. The spikes of temission seen on both

sides of the absorption band at 2.7 ý,m are the partially absorbed hlot

water vapor emissions from the flarw . '2hi'se p14'ot rate through the .i,-

sorption hald spectrun ot cold wattr vapor in the air to some degrvc

because the spectrral line positions for hot and cold watt, r vaporn do

not precisely coincide.

Sharp methant, lines at 3.2 and i. i j.n are 1-robahly I,' atmosphe•,rc

ori gin rather than due t (I r i-hatne va or% Fener tr ed by INM; v aPorp I zat Io.

Also noticed Is a broad ab sorpt ion band .,twi.en 3.2 aivn 4 .M. The ab -

s-orption in the 3.2 - 3.5 ,.m can bc ident ifti• ,;' duo, to Intermediate

temperatures, high concentration optically IthIck hvd t-oca rbons. The bands

are tnearly "bet 'md" and no i ,nc .structiiir i -pro-nclt . it i-4 pdto- .

that the -,,,ot radiation Ini this ru, gion if a, ; mwst compl,. t4lv absorbed and

-1,at w, atrt. se t i e thc er %N ii' oll ft oI wr'I 0v.,T'It mArh',n (pr 11ane0. vt hane

,ITd butane) gases that III- t ;lc ;Iv t IiIk.

The regiok be.tweeti 5. - 4 1,m 1, V r'rv Ints'r._.t Ing inl that It ex-
-. ]

hibIts no lint, sriture it ll (notev tht, -pe tIRtl resolu!tIon If 7.7 cm

-or 1.i2 x 10( .,m) . Als,,. tht, traivicmis:litv - for soot i ,•,Iatton seers to

ne at,( it .(12. A01.; imsri . in , d,, ' oil h t 1,u b(ill gasvs

Rq, ib lb 7 '•T t r h cIt I ': *. '. t t. I IrA .

Final I -, Ili ' ti 11 ,,1 -IT, thl' It, 0 1, "I',- d . ,I •I.L I" Is not iceable

tit 4.15 x.r. 1)l.t !1o Iuv " s•,,' ... . ma.t : 1 11,-, not occupied by cold,

atmc•.ph.ric, t7N) aso rpt , t ioll,.

The mtrongest CO 2 emn)..in an .1d ,sarit ft ban 's are centered around

4. 3 i,:. The t-ile, t b,-t. .,,.o . -ted 1.t1 t ,L t .1 t1,o0 ;h11t I CIO. absorbs

musch of "!;. er;t emItt .i t V , (' ,,! 'I th, fy I11,,'. however, as



indicated In TaW. 4, 2.12, r-, bandwi t h fol t " ti I 1i A . for a i, nm

path throo.!: zhe itmo-iphetie .' P out 0.2, im. llei.., , 'jtv (CO) 3,Ibqio.1

from the flame in the 4.lb urn - 4.42 umr should be absorbed comple•tely,

as is indeed noticed Ir the t pectral record ahowi in Figure 4.7. The

total bandwidth for CO 2 emission from the flame at 4.3 um is (!,!pendent

on the flame temperature and the partial pressure - beam lengzh produtt.

Neither of thebe quantities was, however, measuro'e: B,&. it ca.4 Le st..t,_

qualitatively, tha: the en. saiut, baiaawldttt At t am. •vty.1aitturt: its

much larger than Otk atrraos heri, absrpt I'p i, I llu !'. h lit A , * .'t"e 0,

the CO2 emission w'Ill get through. This is indcd .b_.%.rved with a peak

recorded at 4.6 irm. The thermal emisalon opectrtu_ frtom th,, vibration.il

band of hot CO2 is distorted co:,siderablv ly waiter vapor in the atmo-

sphere, beyond abojt 4.5 itn. The region between 4.5 and 5 tim is commonly

referred to as the "r,d spike" and iq seen in manv other atmospheric

measurements.

At about 4.6 um the atmosphere is relatively transparent. for the

spectrometer distance, the atmospheric tranamissivitv is 0.82 (see Table

4.3) The apparent spectral r.diance at the above wave length is 7.25

kW/m2 or wm, which corresponds to a black body temperature of 1425 K.

Accounting for the atmospheric absorption, the flame spectral intensity

at 4.6 um is 8.83 kW/m& sr tim which corresponds to a black body of

1550 K. The true temperature of the flame, is of course, greater than

this temperature if the spectral emissivity of the CO at 4.C. vm Is
2

less than unity. This calculation seems to indicate that the vibrational

hand emission of CO2 is it equilibrium with the thermal motions of the

.,!e.,-,la 4,, th^ fl*yfep. As much. assitnin.a a "temperature" to the flame

Is valid. This aspect is covered in the Discus.sion Section.

From 4,7 jim. a strong water absorption band with a resolved line

spectrum begins. The atmosphere becomes completely opaque at about 5.5 ,m.

According to Plass (Wolfe, 1965) this water band is strong enough to be

opaque even at water concentrations much below 1 mm of precipitable

water. Radition in this wave length range will be absorled completely

in tens of nmters rather than hundreds of meters.
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5.5 tim - 25 uwn

No spectral data were measured in reglons beyond 5.5 tm. In Figure.

4.8 the percent of total black body energy emitted within a given wave

length is plotted as a function of the wave length with temperature an a

parameter. It is seen from this figure that the fraction of total energy

in wave lengths b-eyond 5.5 i.m ra:nges from about 26% at 1100 K to about 14%

at 1500 K. The atmmphere is practically opaque (water absorbtit,., band)

in the entire region 5.4 om th:,,uyh 7.4 'im (oolfe, 1965). The siecond impor-

tant absorption band is onte due to ('0,, at 15 -im. For a 300 m path through

the atmosphere the compllte absorption bandwidth centered at 15 jm is about

1.5 wm (from 14 to 15.5). Finally, there is a significant HO absorption

between 20 ,;m ani 23 ;.m with total absorption hbe, nd 23 ,.m.

4.5.2 Chan .b -in S_ _ t r rja _ D.t a wI t h Burn TI I e..B

A review of the twelve spectral records ( ivcen -i Alp,.:,i i)) ta3k.tt

at 5 second intervals sta-[tig from about 5 suconds .. f[t-r Ignition of the

LN(G pool indicates the following ft.atures"

1. The CO) er.is,(ien II the ".I .t;r banid d(,mirn ates.- thi' emisilon In

the early -. itageF_. A!; mt'h ;,' .!4) of tot 4-norpRv re,-elved by

the spetctrt-,-nter i - account,-d t•or by th,- CV, hand.

2. The soet emissl ioi gradualyv incteat:,!, and dominates tcwards the

end 'If the firt. liht - This :',.I% ' due io the Incrta.sed luminous

soot Ic rultlot, bv t h(i orhn.• oi of pr.'pant.. bhio -t,.. and ethane

dutl-1' 1F tht fital St,tyt,.; if tl, ,.'(. lilv. ItI t'i,- te"st, the ,44C

waR al-on t i.. .-. h:rtw i W- 1. 1 ' Ind0 -" " :T

3 71t. Mt r ný* -0. t -1 i li 1 i•-'- 4;. a t I t, i 1i1% r of t lsvdro--

,' rbon', . I- I't v m4p(( ral t eco1 (Is. dI•,i |)tpar ( ,I) I C ely

during the 1.jst 1V, n,.con,'i ,,! btrning. The firnt. te d PnAppear

Ii pro',.ine - burant !ý,hsor t )It. at about 15 seconds be fore the

end ) t el l ,,d by t haI ()f 4,,# .1 e , .-ec nt dq later.
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To compare the relative imnportanceŽ of CO,) em~ission and luminouN soot

emission received by the spectrouuxter, their ratio is plotted versus" burn

t ime. This is shown in Figure 4.9. The area under the mvisured o~crx

curve between 1.5 and 4 jim it; assumed to represent tht' radiance doe to

soot. The area under the spect ral curve beyond 4 tm is assumw~ed to hc

due to Cc 2*it is seen that the Coi, emission relntive to that of soot

increases UP to about 30 ,~econdls; stihsequently CO, emissioni Iis lower

comparved to that of soot . Al so observt-d is a suddenl Jump in tl.c ;pvctral

Intensity of the soot . by almrost WJý, betweeni scan 1181 (at Y) svcondsz iI,

the burn) and scan #14: (at 40 stecotins) . The vi. W lb l' larr~t. In thet inot ionj

pictures do not exhibit an,; not iceabhle di ffert'nvet bet ween i5 s and 40 a.

One poss ible explana iton t or stwh it udden In' re a-c In 1 urn iniu-s

soot emission coul d ber the burning of itoro icrvad qijant itIcý (-of e 1,ano

And propane'. It has 1beenl 1 onud inl Ot hei T e CXIV Ie i(t 1, in t be labor ator v

(Valenc ia and Re id. 1 979) that dtir ing ib(- bo~iil Of LM, On W~tt or thle

rate at which dlferenrt f rac tionTs t-va;cora te chianges.' dras t i all v. ml -

t talIly Meth e I vpo .M V- lIt .- : , ,I e* I! I aI I %. Vt t a tt;I nl 4ct' i irat ion o!

time,* the rnet har,11 ia 1( 11"I i!T tl 'I", , T-A'-s 1 ;1"t iý .11 l\ ;in( th h rv

is a sudden iincer-ti' ill e i t lon. 1i' ai '1 or mos of th'.

eM bane is cvapolRat.* O' "i.;sn*~i t t.rv I. ipit~ceoio

pre fkrentia ¶ :1 vap, ric ion *, on !a iI.o :s' 111' ii inl thi Cx.'I ot hoW 1001

of 1.N'." on irl..

4 . 13 s iumat for. siiw Ternl,5rat ure and mlri -,,, I,,i t v

Exccpt for t ho or I'x * i-i :i2 t *' . .
t
he ief~t of thet energ':

rece iv.d bV tho spect romet cr !-a'- cWonst rue"' to bec due to, the lisminouRs

soot emi s - Ion rtod If i td ov t1.-a n' x¶ex al- xrpt 1 on. The wa ter vapor

C'ni~s~ic S from the I lamti. arv .almost comrplvt civ a%'-,rIr,vci in the ntmo)-

sphere. The inopect imi A -;can 56c gli('tral re (ord (F~hown in Figture 4.7)

does not give direc't inlorTivttl'n *'x t'ho so)t -- ditlonns. It iq dlit I loul t

The. cboii-c of I.Tj is s'omi_-hav arhSizarv . Howejrcr R in('e the purpose
Of fRI~urC Ili tO I LINIsti ýtV Othi ¶0101 1w' streigths of (oot and CO 2
"emission * thin arbl t rat Inens i j not expcttedt tc af ftct the conch ti-
S 0) 15.
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to estimate the magnittudu of vximum spectral intensity from the soot as

wll as the locaLion of this maximun. We have, therefore, tried to fit

the observed soot radiatiton by comp.iring it with grey body emitterq ,'

different temperatures. In Table 4.4 are shown the as sumed soot tomit-ra-

ture. the wave length at whi,-h spectral intensity Is a maximum, the mag-

nitude of maximum spectral IntenHity of a black body, and the estitwatt-d

soot emissivity. In Figurt- 4.10 the comparison between the emission

from grey bodies. at differs-at temi.eraturem and the obs-erved soot "pec-

tral radiance are compared. The tht!0rett•.,1 curves are all normalized

with respect to maximnum up.'t!al intensity. These curveb are generated

by the Plm'ck c,-jt.. i'n ( s, ., q,,at ,,ti . ;,t i Ai A).

As can be se.n from HIgure 4. ,10, the luminou8 soot temperature cannot

be estimated very precisely. Our estimating technique is based on notinp

the wavr length at which %,, think the peal int.•risitv from sout in located

and comparing thli with the wave l-ngth at which maximum Intensity occurs

fur a theoretical grey bod.v emission. We :ecognlze the dIfficultv in

this judgmental procedure ind als;o tho, fact that ,ttlIlo.,lbit-r I absorptivity

h.i not a constant over th., wave length region ol interest. However,

recognizing the above uncertaintv, It ,an be argued that the luminous soot

temperature is between 13,;k and 1('90 K. From Table 4.4 we see that the

calculated luminous soot ,.nistivity in this temperature range varies bel.ween

0.2d and 0.19, rt..•ct ivel.. In this calfulation, It is asumned that the

value of peak spectral radiance ,)! erved in the lumirous soot emission Is

4.27 kW/m 2 sr..u.

The abo;e value-i for the lumlious •.oot emissivitier; are somewhat

greater than the val.ic of 0.1 stiRgested fv Y!")tt(,l and Sarofim (1967, p.

247) to account or j un. ii.,-in s ,t m s AV I t IC.'S In :et hanv gas f Ired f u r-

naces. I t i ps l I,' tha" In d I, f u.sion f .imen In the open, a larger

fraction of the fuel fc,rmh soot, ht.nce highcr -'ot •tousivities.

The soot emi.sivity indicated in Table 4.'. refer to the value

at peak madl ire .orresporcding to the tenperature chosen. It is, how-

cver, knoini for hvdrocah,,i firest hat the soot emissivity does change

with wave length (Bures- .in I Hort7herg, 1974). The spectral emissIvity
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of soot varier, as

.77 (4.1)

Soot

if this relationship is applicable, then the spectral emissivity of tO't

soot (in scan #56) at a wave length of 5.5 trom atid flame temperatute of

1400 K will be 0.09 Instead of 0.19 as indikated in Table 4.4.

The vatI t lou of ,ht imated soot ermtervitvN with burn time i- p'.ven In

Table 4.S for (.A4uamed) different flame temperatures. It is inter.:uting

to note that the soot emissivity increases ,.ith time. This may be a re-

sult of the ho-rni'.rg of higher hvdrocarbhon fractions such as ethane,

propane, atdih 1aane. kThe va;rlation in the spect -l characteristics

with time wao discussed in Section 4.5.2.) This observation of increased

radiation from the flame with time is also indicated by the narrow angie

radiometer data (see Chipter 5, Figure S. 1 7 ). We. note, however, thatboth

,istrunents were looking at the lower sections of the flame where sig-

nificant soot formstion may not occur, compared to the middle and top

sections of the flame which may have relatively high soot concentrations.

4.5.4 Estimation of Flame Emissive Power

The estinated field of view of the spectrometer and the portion of

the LNG tlaet in the field of view are shaven in Figure 4.5. It is not

certain as to how much of the reflectioti of the flame in the pond water

was "seen" by the spectrometer. It in conceivable that the lover half of

the field of view intersected some land also. Because of these uncer-

tainties the exact area of the flame (emitting radiation) seen by the

spectrometer cannot be ascertained. For the purposes of evaluating the

flame emissive power we assume that only that part of the flame area above

the water surface seen by the spectrometer radiates the energy intercepted

by the spectrometer. Hence, the radiating area of the flame (Af) In

13 m x 16.4 n ', 213 m .

rbe flame emissive power (W) iS now calculated using the equation:

A f TNi

-_0
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TABLE 4.5

VARIATION OF ESTIMATEFD SOOT F4ISSIVITY WIMT TI.*E

FOR DIFFERENT ASSUMED FLAME TEMPERATURES

Assumed Scot Fmiiuivitv (, ) Obtitned from .Spictral S;iant
Flame

Temperature Scan 047 Scan f 56 Scan 0 9,!*
(K) s after burn) (20 s after burn) (40 a after burn)

1200 0.30 0.42 0.58

1300 (.)2, 0. 1h 0. -q

1400 0. 1:, .19 0.27

1500 0.10 0.14 0.1q

1600 0.0 0.10 0.14

A The spectrum doei not change significantly ).twtevii that at 20 s (Scan

OlSh) and t htt -It 1•, 4 (,Sc li O •)I

.. k2



where NX is tht- spe.'tral tint enR1 tY v asuied 1,y the .pect imter (kW/at tm)

at wave length I X and zth, to~al atmospheric traninlissivity between

the flaea and the spectrometer.

Itt applying equ.ation 4.2 to the measured mpectrometer data wu recognize.

two problems. The first iu the fact that spectral data are available only

in the 1.5 - 5.5 ,= wave length range. Therefore, any estimate of the

emissive paer In probably lover hy about "S2 when .•.mpared to the acntual

emaesive paver (see Figure 4.8). The second and ;Aerha-T, the more serious

problem is the total absorption of w4ter band emizisi•ns (1.87, 2.7 Wm) and

the partial abnorption ot (CO, emission (4. 1 i). •, iicv the, energy received

by the Instruaent in these baids is essentlall\' zero and since the atmos-

pheric transalasivlty for the path length to the spectrometer is also zero,

the integrand In equation 4.2 becosws indeterminate at the above baria.

The_•hjylcal mani of this result Is that the actual emission Intensities

in these bands cannot be estimated usinjL the _--yectrometer data.

a.5.4.i Aj.parent Eaissive Power of the Flame

Poor purposee of Illustration and to compare with the emissive power

raleulattd from rantometer data, we havc estimated the "apparent" flame

emissive power using the formula:
5S. 5 ;ýM

N.__ I d '

" j. 5.. (4.3)
apparent Af

where the integral represents the area under the apparent intensity - wave

length curve (measured In the experiment) shown in Figure 4.7. The term

T represents the mean atmospheric transmissivity excluding the 1.87, 2.7,

and 4.3 we bands.

For the spectral data of acain *56, the total area under the spectral

curve Is equal to 1820 kW/sr. Therefore,

Apparent radispnce of the
fire* (based on energy 1r2(
received ly the spec- 8.55 kW/r sr (4.4a)

* radiance - emissve power in a unit solid angle.
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Apparent emItslve, power

E m (corrected for absorption x 0.7r - 35.8 kW/m2

in the atmosphere not in- 0.75

cluding H 20 and CO) (4.2h)

4.5.4.2 True Emissive Pow.er

Tle true emiasive power of that part of the fire seen by the spectro-

meter amy be estimated from the Information contained in the 4.3 tm CO2

band. The calculation is boased on the principle of estimating the par-

tial pressure path length product (pl.) fot CO., in the tlame using the

observed eui"ison. This involvem calculating the ent :gY in the 4.3

t.L band emission absorbed hy the intervening atensphere, addiTti this ab-

sorption to the nasuret' (re':eived) energy and then estimating the mag-

nitude of emission from the flame In the above band. The band eirissi-

vity is then calculated for the assumt.d flame temperature and hence

the (pl.)t O can be estimated. Once this It- don~e. the (pl.) 1 2O, and

total emiasivities of C'O and 11,0 caI bha c-ltalned from Ihortel's charts

(tiottel and Sarofi., 1967). Witth estimated values of Root emiLsIvItv

(Tables 4.4 and '.. I, the tr .• ' pofwe, r !e the. la a.e I-, va eulnatCd.

The calculatlin of (), partia l pressure lii the flame from the known

4.3 t.m hand energy received and the assumed flnme temperatuIre is tedious.

The calculation I-r),oedure i1 illustrated in part I of Appendix H. The

calculatIon method.ologrv Is in part an inverse procedure to that developed

bv Edvardn ani Balakriuhauin (19'3) for entimating total emlsalvitit.,a

of gases from known (pl.) valioo for individual apectes and the temperature

of Rases. Th. uncer.•aintrle iti the calculation and the sensitivity of

the result t,) certain pat ma'ter, are also discussed In that appendix.

The conclusion from the valcrlation indicated in part 1 (if Appendix

B li that the flame temperature should be assumed to be 1500 K and the

rorresponding: part iin) rressure of CO in the flame should he assumed

This value Is obtained b,." av~rapitn the atmospheric transmission
curve indicatc-d in Figure 4.7. Note, however, the bands 1.R7, 2.7,

and 4. 3 are not included in thi arvt .iing piocess.
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to he 0.094 -tm Vt. diiiC46-1,,,,, In pa , 1 , ppidl P).

Based on the alouve icri'i and invoking the 1U',dt Lt~rihip that the
partial pressure of 1t, ) is twice the partial pressure ot CO2 in the com-

buDLion of meL'Alie, we ulvt; v-..riated the emisuive power of the flame.

The result is obtain,-d by using the emiabivLty charts of Hottvl and

Sarofir (1467) &Wd iS itlu1Str.ted in Table 4.6. The e~aission per uniit
2

nominal area of Lhe f..jQn i 4l .iated to Le l7, k1111. 0hte valuL

to be compared w: tie Lhopi,'Mit CLih. l i %, o- v ) /1.2 obtained

earlier.

The above two tember.h Iodicate the r-Pii t'in( e of the absorption

by the water vapor (7.0. aii rther gaseR in the atmfiphere. Calculations

bases on the uethods of Fdu.ards and Balakrishnan (1973) give for the

atmospheric absorptivity over 23b m distance a value of 0.285. Using

IHottel charts, this number is 0.33. Therefore, the apparent flame radi-

ance as measured by the spectrometer thould be:

Apparent - (F /r,) x ,+ f - 1
radiance atm

C (Z."J) 1((0.35 4 0.19- 0.07) + 0.14 -0.331

* .'V.6 n/m • r

Based on the integration ol sp,,tral data, the apparent radiance is

8.55 kW/m 2 sr (et, equation 4 .4n). We are unable to explain this signifi-

cant discrepancy. Absorption by atmospheric gases other than water vapor

and CO2 may atcoint for considerable absotption over the 236 m path length.**

However, the magnitudc of the absorption aeemA to inexplicably large.

The partial pressure val,|cR used for the C0 2 and 1120 are their

stoichiomctri, values for the combustion of methane in air. In reality,

these partial pressures r.tv be lens than the otoichiometric values due to

* This 1b equal to the value of CO, partial pressure corresponding to
a stoichiometric combuistion of tthane in air.

I It has been suggested that the steam produced by the 'vaporation from
the pond water surface (due to radiant heat from the fire) may account
for additional absorption. This hypothesis is unac(reptable because (1)
the steam prtdued woilr4 be sucked into the fire and (it) radiometer
readi.ngs were not affect.d signifitantly.
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excess ai- entrain •'rt-. I, Itic t no A :e t mea:rx A t,. -, 'It e, t. c-..ide o€ tIe

C.t, and h I 0 ronte," w th1 t :Ah t eI i" t I , [altiat'

whether the i.x np:Ln of mto',hUA,.etrTc V. 1'uet are I.,wt itnl:.s. flowere,

this assumpt Ion leads t, thc maxi im cui t Iiteq fr the o,-ecios t,'r a

given optical patth length through the fir ad htIVALt M4a. be d korhservkkt Iv,.

assiumption.

The re sults f er. the t, ,.ctral cal c l,, l tngs o01 -c , " Ic tng the rli1ame

te1 nfVeratIre And Co, irt A i i t,c :,! it i ave as plt hd to o; i th trioj. tthe v" ltih

-. f the radiant fliX lit thI, I,. it Icha of si .t - ,+i hlt :i.,t - angle • adlomtux vri,..

These calculations arte indI, at ed An• pat t - 'o .\, ,x b.

4.5.5_CoqjeuVrison with Other L.NtG Flame Spe-tra

A review of the literature indicated that ex.ccpt for the AGA test, data

(AGA, 1974) no spectra have bee*n published for mtrthane-a•r diffusion flames.

The ACA test data were obt~aintd f,,t L.NG. firre on land; the fire diamctern

weto. 1.8 m (6 ft) f m a (20 it), atd 24' m (80 ft) A relatively slow

scanning grating ,,pectrometer wait u.ied in thUlc4 ,xperiments. Hence, the

spectra aeasured were severtly atfected by intnsitv fluctuations in the

flame.

A comparison of the flame radiation spectrker m'easured in the current

setlee nt NW'C ant tlo.e obtained In t0e AGA test,, is shoo.;+ in Figure 4.11.

,Te NIC data is from t, can #56, correponding to about 20 i after ignition.

.ae AGA data plotted are the ones from the I." r* dia'etir test (A'A test

ING 023) And t, rr diameter test (AGA tet 0 I';(; 1129). The spectrum

"lr,,m the '- n diameter test is not given ri, Figure 14.11 becal.ise valid data

"-ere not obtained.* In the AGA 023 test, the spoctromnrter • located about

14 m from the center of the dike and 'ha,,d *a '331' c ,ne) angle view of

the flAme. The mran flame height was about 3.7 m. The field of view was

not filled by the flame - on the contrary, the entire flame wa. vieihle

within the field of view. In the AGA 029 teat, the spectrometer was 3695 M

ftom the center of the dike and had a 25" (full cone) angle view. The tean

flime height was About 16.75 m. The field of view probably covered the

erttire he-ight of the flame.

The ordinate shown in Figure 4.11 is in the units of flame spectral

radiance (kW/m 2 sr m). The soectral data in the ACA report (1974) are

In the '14 m experiment , premature ignit ion occurred and the Sti I I truck

tires burned producing a very dark, sooty flame.
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indicated In rth JV ita S 0! bp• t i tL. Ia., d 1 ii d .t-) ,. LL t 1 I jr.

of the sper romet.er. These aLe converte& tO ý2j,£tryiit C.sspectial Jacrlane

by using the foj lauttig equai C iU i

H. X2
I (apparent) - ( (k'/m .f r) (4.i)

Where X is the dibtaiice t) ttht kWL.ct-o*ta. Lr 1.t . i.. !,11W L,, c1 al ,

is thile lit ' tl oj,:•e' l - 1t 4 ov th," I'pt' ( I ,.'1 t r.

The value ot f ill sal, apparent iri'. ni.ity n tI e NWC spectrum 1s 20()

kW/.sr ..m ( ,ev Sektion 4.3.2) ,WhIch on tho h:si. of m of flai. ate.,

translates to the spectral radiance of 4.40 kW/m" Sr trn. All the plotti

shown in Figure 4.11 are on the batis tf "apparent' flame spectral radiance.

That Is, the correction for transmfssivities in the atmosphere over the

various distances to the spetrometers in the different experiments, have

not been included. While t'.s may cause some error In comparing the re-

stilts, the magnitude of the error is expected to be small because the

atmosphere is essentially transparent (except in I12 0 and CO2 hands) for

the distances where the spectrometers were located.

tr Is seen .r,-m Figure 4.11 that there is reasonable agreement bhtween

the NW(''r spct r•iz and the two AGA spect ra. There are some significant

differences also. The resolution obtained in the .wC spectrum is signifi-

cantly higher than in the AGA spectra. The NW'C Apectrm (13 m diameter fire)

seems to agree mote closely vith the A(A, 1.8 m fire spectrum than with the

AGA m m fire spectrun. However. the apparent spectral radianct in tih NWC

test seems to be higher. If the atmo.pheric trennimissivity effect is taken

into account, the st;C, sprt' .il i'adI•nt v "V 1.t-i W4L1i 'l e ivt-e hi r ThA I

is because the absorption in the attmoRphere over 236 m distance in the NWC

te9t would be much more than in AGA tests where the spectrometers were only

14 n hnd 36 m away respectively from the 1.8 mn diam, ter and 6 m di•rmeter

fites. Thin iidicates that the NWC fire was twich more radiative. It is

poLisihlv that the higher rnil ance tis a direct consequence of the greatey

opt Ical dept h in the 13 m fire.

4 - V'



The strong water band absorption at 2.7 tm is noticed in all three

spectra. Considering :hat the spectrometer for the AGA test 0 023 (1.8 s

diameter) was only 14 m away from flam, center, the water absorption in this

band is very significant. Similarly, the very strong CO absorption %t 4.3 om

it noticed in all three spectra. The CO2 emission peak occurs at about 4.6 iým,

in both NWC and AGA 6 m fires. In the 1.8 m fire the peak in this band oct-urs

at 4.5 wm. Also noticed is the significant differences in the apparent peak

spectral radiance of CO. band. As explained earlier (see Section 4.5.1) the,

temperature corresponding to the observed CC2 peak at 4.6 om in the NWC

spectrum is about 1550 K. The peak radiances in the AGA spectra at this

wave length are almost one half to one third (in the 6 m and 1.8 m fires,

respectively) the peak in the NWC spectrum. The conclusion that Can be

drawn from this comparison is that the 1.8 m and 6 m AGA fires were not

optically thick.

There are other important differences that can be observed in the three

spectra. It is surprising that there in better agreement between soot

emissions from the 1.8 m AGAz'lnd the 13 in NVC fires ini the 2.8 - 4.2 tim region

than between the 6 m AC.A and 13 m NWC fires in the same wave-length reRion.

In this region. the 6 m fire soot emissions are not only consistently higher

but also there is a spike at 1.4 jm. This has been attributed to a "possible

hydrocarbon emission" (AGA 1973, Section H.). Also noticeable is the siR--

nificant difference in the 1.5 - 2.5 im region between the 6 M AGA and 13 m

NWC spectra. The high spectral intensities indicated In the AGA res,.plts

are suapect. Tihe iqrmontn for the very high Intensity close to 1.5 ,jm

aT, n.ot obvious to us. iloe possible explanation Is that the spectrometer

mAllunctioned In the Iwer wave-lený,th region. However, it should be kept

in mind that the- AGA spectrn presented in the report (AGA. 1974) are the

"averaged-over-a-lsrge-nu~tbi t-of-ac4s" lines. The finet structure of the

spectrum seen in hWC data i,: not available for the AGA data because of the

way In which the spectrn were obtain'd in the AGA tests by "aversginh' data

fror. ditfrrent ncans.



I

4. 6 PiSc!s'.;Ix_'

"The spect romertvr ,ýsd in the e.perirmnt had no fore uptica. The v se

of tote opt,ch would i,,cuu the field ot view on tht detector condenser

lens, rather tha'n on the dettctor itself. The detector, in turn, wouild

image the exit pupil ot the fore ortics on thi detector. In the experi-

ment the flame did not completely fill the field of vie of the spectrou.-

eter tse Figure 4.5). l'ntortunately, since the fore optics was not used

and the uniformi'v -f s,-nsitivity of the detector ov,-r its entire area is

uncertain, it is pos:iiblo that amN- minor misalignment of the spectrometer

which shifted th. iwage of the flame in the ficnd of view may contribute

to the varidtion of signal outpuit. We are unalle to estimate whether the

spectral data in,!.ed had errors due to the above miaalignuent problems.

However, based on the iatlysis of the data, it seem highly unlikely that

such errors were present In the spectral data.

In scaining Aichelson interferometers, a phenomenon called "aliasing"

occurs •.0en th- signal source fluctuates In intensity. If the fluctuations

happen at frePqienrtl,, at which the frineen occur in the scanning interfer-

ometer, spurious spectral fertures appear in the spectrum. The detector

output frequency and wave number are linearly related for a given mirror

velocity :

f " 2 ,. ,

v - mirror -elocity (,m/",au)

Sl/b * wave nu.,ber (cm I

A mirror velottv of 0.S4 cm/sec wan used to cover wave lengths from 1.5

to 5.5 uin, leading to fringe frequencies at the detector of:

1963 - f < 7200 (H?.)

Flutuatilonn In the flame emission are principally due to small scale

turbulent eddies. The frequencies of these flickers are significantly

lower than the above aliasing limits. Hence, allasing cannot be expected

to be a problem. Te spectrometer, however, seems to have significant

noibe in the wave length close to 1.5 w%. This can be clearly seen from the

calibration curve in Ftgurp 4.4. The results from other wave lengths are

accurate because of the high scanning speed (0.-5) of the spectrometer.
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The single important feature of the measured spectra is the total

absorption of the 1.81 uxm, and 2.3 wm water bands as well as the partial al,sorp-

tion of the 4.3 Pm CO 2 band by the intervening atmosphtr4. Because of

this absorption (and the consequent loss of vital information) ýhe true

emission characteristics of the flame cannot be ascertained. Only indi-

rect inferences can be drawn using the available record. Such an indirect

approach has baen utilized to bracket the soot temperature in the flame.

Soot temperature is estimated to be between 1300 K and 1500 K. More pre-

cise evaluation cannot be made because of the relative Insensitivity of

the wave length for maximum intensity (see Table 4.4) with temperature.

Also it is uncertain as to where the maximum soot emission intensity is

in Figure 4.10. The soot emissivity calculations shown in Table 4.4 indi-

cate that it is in the 0.2b to 0.14 range. We do however notice that the

soot enissivitv increases with burn time increasing for example, from 0.14

at 15 a to 0.27 at 40 s after ignition (see Table 4.5) for an assumed

flame temperature of 1400 K. This may he n consequence of the increoased soot

formation by the combustion of ethanie. i, ue, and t-rcpanc frnctione In the INC.

There is no a priori way of estimating the luminotis soot emissivity.

Hottel and Sarofin (1967) buRgest that for radiation calculations from

gaseous flames tho effect of luminous soot radic'tion can be accounted for

by increasing the gas emissivity by 0.1. The inforence from present measure-

sents on soot emissivity imply that soot emissivities lie hetween 0.1 nnd

0.2. This result is in disagreement with the conclusions from the AGA

experients (see Section G, AGA 1974) in which the soot emissivity was

estimated (from radiometer data) to be close to unity for fTa1~ sizes lar-

ger than 3 a diameter. The AGA data indicate that between 60 and 80% of the

energy received by the spcctrometr in the 6 m test was atributable to aoot.

This does not, hcwcveT~, give atyv Indication of soot emiasivity because the

energy radiated by H120 and (;O2 and later absorbed hy the atmosphere is not

precisely knosn. Therefore, the question of the magnitude of soot emissivity

remins unresolved.
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Tie 4.3 CO.. viri.sion band Jit, all of tie spectr; is quite prominent..

It is argued by Hottel and Sarofim (1967, p. 205) that because the avetage

collision tim between moleculps is of the order of 10-10 s and the relax-

ation timt for excited vibrational energy levels is of the order of 10-1

to 10 seconds, the chance of not havih& redistributitn o," vibrational

energy into translational energy is small. In efftect, cqulhIitirtom

exists in a fl ln,, aiti the tevrm "'empurat nrc" i.- mrea,•ingful.

The, app.,,; et :.;cct r al ;%dtlancf at 4.6 Im corremponds to a black body

temperAture ot 1,425 K. If the atnot-plvivic ahboirpti,•e correction ib taken

into account, th. effective t,.mperature is found to be 1550 K. This cal-

culatton of course assumes that the 11,im emissivity is unity. Ile impor-

tance of this calculation is in indicating that the CO. emission is also a

thermal emission.

The eraissive pIuer ca.1 oaition indiated in Section 4.5.4.2 and des-

cribed in detail in part I of Appendix B is probably the only way of

determining the energ'. emission from the flame using the present spectral

data. The prin, ii,,l difficulty arises Jue to thle complett, absorption in

the intervening atmosphere of the .ater vapor emissiins and partial absorp-

tion of CW. emisslonq from the flame. The method indicated in Appendix B

is quite SenS itixt " the lnPut. Informwtrion, etipecially to the value of

4.3 1,m CO, band enerry received by t1w spectrometer afttr attenuation in

the attr, sphere (f..r a detailed disciiqsion on this see Appendix B). It has

been argued io Ap;,cndix B that the spectral data, both luminous soot emis-

Sion and the 4.3 ..Tr CO, band emission could be adequately described by a

1500 K flame and the combustion occurring under stoichiometric conditions.

That is the partial pressures of C02 and t 20 In the fire have their stoichio-

metric values corresponding to the combustion of methane in air.

Based on the 1$00 K fire, Rtoichiometric combustion and observed soot

emissivity corresponding to 1500 K (Table 4.4) the ING fire emlssive power

is calculated to be 175 kW/m2 (sec Table 4.6). This agrees remarkably well

with the narrow-angle data for test 05 (see Figures 5,21 and 5.24) which

are described io greater detail in Chapter 5.
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The w~de-angle raieor*etr data fo.r the sam tes~t indicated higlier

emissive power than the above 175 kW/m (see Section ' i4.~ AI,.o ;i a1l

culation has been made in Part 2', Appendix B, using ftlaine chtiracterlith,',

d~teruined (by using the spectral datp) to e-stIMat the radiant fluJX At h

60 m location of a wide-angle radiometei .After accountinog for the variou9

band eboorptivi~ties In the ~arno-4shere for a weighted path length of 40 in

(see~ part 2 of Appendix B), the radiant flux at. the- wide-anple radiolvemer

position isc 7alculated to ht, 8.6 km The meas;urt-d flux is clos'e to IS.4

kWhv it is very difficul to~ explai lii. ~ nfcn dfeec. a~et

certain argutint s kan lie =i~lv to explain wih tht, wide-angle radlom't er rieadilly'

could bt hligher than thait calctulat ed. The s.pvct rorvt c io, iiined at the low-Lr

pomition of the ! lsrao where soot concenltrat ions ni~av Ie lov hnd fleit.I

the 1,;minous snaot emisti~ vit-, couild also he lower.- It Is cent irelyptthi

thot middle an~d tipper pzirt a' httle f larne have hi gher lumitious soot i ~oin-
t rationa. Sint-e t~ho Vle-aiiýIc radiomet er rece ives vnergv from t lic en' I re

ftale (In Cozit nast to th ti, nirrow-angle iadiowe-t er nd;r the spvct roMCter) . I t

mail reicelve tairg ) ion t ho !t la'W11i0h has~ hip'l.e r 1-Oot CMiq' li~tV_ We. do

note here that vi~lý¾le Mol Io'n 1picturv recvords Jo inut Indieitta any s i gI f I --

cant variation of zlit fliai& I-, iyhrEllus wit') tat It Iri, o" Co'2?~e

unlikvly thait the ;o(It Im~~ tink1 r4ase 6:f t~i hvight in tl~e flaiik'

to such at,. cS,.t et &,; to iuat m ail. Increa--c L.ha rad~niv'tle eirAsl son from

the top part3 )f Cite firz- It is m'oront thot S*)Qe Tra fron different

parts of the I laxu: (wii~i 1aelvitt were net taeaf;Qrvd.

1;. -ty-nt th, c'i'' , ' 'o Io * i la ,:? o~l fiamr Ilit spv(nTraI dota

in, fuI om to ýiw 1- . br i v kel, I 1 11 hi, " nk I t hat lth

Cheml (Nil rc>acr fon b.- tie) 1'1' Ivnor all't oxygleln In iir nciirq tlai

fitOi(ch11oM triI' kajnI!' ~ t 14 1 t vru.teO 'w-vs , tW : 1. 1 111 i'or itory ';cali'

experlein,.i of 1. ,.%V ivt '01U.. Il 't thie I ;'! ; Mas; of, Ali*

rk".i':lP vi~rt oal 1.. %I', own." ti.' at Ire ¾, -,- Lut' t ion In t~pace cnrr-ýs~pon-

dinl g t') trb o; ii'I- ia w aý ......I Iz o':((. fi t k!~~r i I a rgr than the

s t )i vh io m.,t r t I . k,Tr A o ;': I .! $ -I '1 i t-If . I Y t ul n a th c va Iuec

o f stir ctntri-nied will.~ n a, .ism I ;a a

v* 4 ed'ap i41 v 'ilma e tl~c ýa:xra mo.I.l ('.',Tpz(,lictis I In>, at 230 ri.
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One (if the kivso' -d (,uvnt it - 4 t -1tc !I,, tme 4pl-cI Tal

dato to thr eabmoopt ioa L) I nct % d i ,t i o i -' t;vArgnt, ptit- ac I I \ thit k hydr,:t-

carbon gazeu. We have been uinabilt to expla~in wtier, Iii ths. I larw. thuse

&aaeB At* and hOW 01Vý &huSr1h SOOC I A~di I A .t ~ I

of a core of warm ikiel va-,.or tit th f.it- bL.1roind( a 1, a iva t 1o;.

(flame~) contikining Iua iniiut, ao )t X e,c se. .i~hCUM14Cd iio

L ion.

Th~e taigxi,ýtc~ticrt c:1..a iurt t .. ' ectril d~ata are

the fol lowing:

1. The flaci temperatu rr --Ai it 0- dete l i.d p la ' but it iti In

the range of 1100 K~ - VOý K. Ttil Isa cttal aed !Tom the loca-

t ion o)f peak soot a zis-4aion. *"he tn ul1at '',ix4 a on 4 .3 =m CO,

band emiss ion indicate -,:it t f., tempierature is4 prohnl~a'Y closer to

1500 K .

2. The L.NG flame. for the si za' Invest igat'.i (I i m diarneracr) is a

band evii t t e r wi th q I gn i f i ~a'it emis ;iil onns i n i hv 11 41 rd CO, hand e.

Wate.r vaptpi emihtarion cotisttitkites .i'u Oz of t h. total, (O'

about t~ and ihu T -rr-iI ii'v i h,; t he N'o t

3. The f I n' vt'miMive pow~er 5 rtotal trc.-gv P mitzi.-A pet 11!10 'nlnmin

f I~ atit tI at ,a re A) i - at-o 1 t T- :1 Ic .4 ýilj agrevEa wellI
with esillmattes bac'1 01 or ot.4? rNdI,,iliU,et.- kiiirl *w-atn)'1e r.'Jion('ter).

4. rel~Mated soot CaIcciVir t14s d'irtnp The airjilo part of tmrining time.

nre in the range~ of 0. l4 to 0.lq. Ilhehc art, mujýh lowi-t than iiIiA

0. ' to O.f- it'porte ti i fli AC/A experimt'nt c. "'oot CMISSi;Ivi

increascc tovarda thit en,! of the -itning. petrtod. At V "00 K flit

ma imum moot crl Ra 1v i t v hq rved t s 0 , q

5. For ak given dirtantip the at~pr t trnm-aaivIt ; for the LNG.

flame radirit iou to murh lower than for al tdatin.Ion from a black

body with the namr em'su~vei power. Thio; IF. due to fli bank] emin-

aIion fr tmit.0 and C0L i n a LS(. f i t ea'nd ht btFt ron~ v. 1'1orpt i r by

the sawm %p# (Pit i n t it, nt moapfc rf



6, Actual atmospheric ahsorptivity in greater (by alvtwot, a atctor of

two) than that calculated based on principal H120 and CO2 bands,

This may be due to the effrcct of other weaker hands and also duo,1

to other gases. Hlo•evter, the mapnitude of this absorption Is

inexplicably larg..

7. If . as spectral data guggest , the flarm- is ass tumed to be emitting

at a t ii•wrature of I S0 K and to contain sto •chiormet rc quant i-

ties of water vapor and COU, and if water and C.0, abtorpt •-n In thec

Attsphtvrv .are est itkited u.ting standard methods. flttx vst. tmates do

not agree w 'l W.'ith cxpc, rt:a'!lta1 data. At P distance of 40 ni the

data from the wid--tngle t.idlc.eteir Indicate more than twice the

radiat ion r)redicted; at 23", m the spec:rometer rece'ives about 1/3

the radiat' in predited.

8. While a tode.I de.qcrlbing flame m|is alon In tims of aont, *water

v apor - an, (n0C Jipt Ii p 4Hhoin ld i.ovide an improved deaC crIpt!3on of

radiation from an UNC fire, not ,nough spectral data are vet avail-

atb1v to (ic• mnr thi chtararterimt ico ot stci, a modpi. The role of

Ulnbilrned '.'.a;r In the cLsr. o( t1. HItPr plutIc, If arm'. MRV h.iV.

signif i,-nr~t vffect on the radiative 'chnra teristlcs.



SS . )k~~h~ 11,~ F I R1:S

5. 1 1 N-TEON'CT I ON

In the paut , ~tr..H A1 r 4.: d- .. .. ; I a,4 !.K 1 a. t i t'i 1, roal N

pool fires ell Wat -1 M *i' 31t i 'KjV Ilnt'ltl1 d.1

tfrow LN. p o o I Ir i LIQ 1 c . 1 .2 t k'-. 1 071 .1

he f cToh I. a t t k. )'. L ei i- S't~e

C.tcr real. e i~t~1 t.n it L t. I I. t! ~I It*pru

arkik of L.NG on Wt..tt I W"111t I nt., I Ii N. ki ti i t n talit un t i

the Ifuel is consuti.; d.

Pool f I rei L,:, lii~ -m ¾iv 4 i t.!t vt,' 1i dit * oni lo%titt i- her~l I t

POVI area I #'.IA I Ill C.I' t .111 ;tll 1:.v f ;,P,. ; . : ntt,-r -41,111

"te POOl I~ I o Ilk' 71 i'A i~ I¾tn

ý,v Aibolt t 1
irev t Inco V. .61~ . Y i t. ,t. .Irt N a~..

ei 111 I t o I. -~.i.I ;. I. . Wit '11 , j ..ol 1)1 lv .td t" ael out

o.llý elq ior N, P oo I I t .i 1 . k 1) 1. t ck~ol. d I vii .t the Ai 'i tt i fi

! at f t1- ' .i ! N " .,, IInll ýilp . 1 ,~~-~ 1 1i 44r.1- - in tile earl

S~tagell uf~ A pool I it% . ý k."i I

Thu' t ti'st ( ,i d1( I ed it I ... '.'11V' I , n~ Ii ,n .r incltud.'d three

typos of f fiT' , it I I. I r .t I s; i nvn I i i rt-,'1d -;Il I Is of I.N"

A! i ,d * mn t iaI nI v -re--, i t~n I -Ii re-111 I I fig K . In itvx pand I fg porl ft I T

I'-r o n p l A-a .k U i



VaPOr CloUd WhiCh Whi dl I VWd to dri f I. downwind 4 a tig I t icamnt df s, tanct

before it WAS igilited AL. a dininwi ml locadtion. These 1lat ter Lestti are

described in (lhaptet III tt~its Chapt yr we rvvi ow experivient l dat a

only frtom thle "paoo 1fire" and "dt layd pool fix " expvr imlnt-tt

Ihk sries~ o! pool i ret. tt-;tý k-om~ii .1ted of 7 tv ,tt, In whit,! Cleh

!.Pi 1letd !_NG Was 1KnI ted ~r~~.Im l id tit-Si. whiri t!.i' I Ko. Iton

was clelavedl Pte qmiiriti% It Ilt aund hei durat ion (i .1t Iý- tt .1 v~r .'d

mr-tiI Ole appirupr lisemt'li~gv 1 ~'dt v nitions at r' (i. mt 'site W-.ri

m ai ed. Iii T-ii Ie v 1 $ivo'n ,I % r,iixi.t v i cI- ' I;t ov, o! Owl CeidI t I i oll

.ihsiii I At rd Wi tl ech i)I t 'A vxpinT IT!W1mt S The 0 ina~.l radt lat lnI vs istl I

r rovn t i 4 p ool rI , !re- -a .x. 11 t tnirc-tr xinglIt an-i ui.~i 'I

radtoitrt-tvis pulaced P' V.! %-.it lou. local lon" Ill P". ~ a .p .tm~

%wais ;2".. it at 01 .1 .di ~l c. , o 2 t, :o~rr th ý pi. pot ti t o Tiva1siiroý tIli..

in4;'ect ril c 1.at a, ! r I,; ' I cs it thi Ix c , 1T''m r''vi i..n., Vm~ 10C Iiit Pd

.It varl IOus i-tt anov. f ron -ite .pl~ o t to t1 a i ,n o iit'opcn.iII

sI do vi t W and i.in -vv rv ivu I c Ic . I1 I), .I . ~ m t he

I OCA t ionia ol UI01 Itiint ?I ?ivnt.% t 14 iI d T pol I r.. 1i 1 t1 t
1

: c if..

Ili Hiurv . ate -. m'm tlý !,,,ati'iv. x ri

~ &*N t ~. I 7 I I tii

t ranst.. Y im. Ii -1e 01 or %f t jI'. l ; ieti'I l V h 114 1lt 4-

* f 0~l .4p ca* *fl A) ¶)jl ~nd t lit

tT-,a fl~. I' VA' I. I tAll,1 t V V 1'Itit i 4-1-(4. S v-~.T~ t1
1 

nntt i'2 I

c alI tn-de I N. AT iva. 11 1 0 1 1 it ut c v , 0 vrim I nv t 1w (-x t vrt 1 (0

a-, niad in . A tnyu W i, t~ v'~ -v o I Aisr 1).'1 ai tha ItItiat ne (ite e

1; r, Iion 1 . Ill Ill I ,I tth(-. me .1 1'. t~ ijt n i tn ;nilt iiýwt #I u i v tirn.i I)ng

r li max I nigm ext elt of t I v %.,I 'xe in*,i t he upread I a e hi st le I i lu ild re -

V,; r'pl il~t I., t' vf I.Y. On -,t en 1 tcn dimen~lihlon of V t m!I ti/ anpd

t ich at t ran'. tvt* I i '-r I it I I ~ o( I of 1,14 Ili '1ddi t hill. 0t
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boil.ing rate. is als sun itv It vq- to~ the choemiczi , omposj t Jon of LNG'.

The he'p. transfet from~ thc w.~ttor to ti. I.N( Pool is turtlier influenc.,l

by formation of tLi (if tn.%,) on1 wa~ter st~rface. Solid ice tvilic.,ilv '1 cSi

not f orm in tincon i tcd spill-, of LNG on water.

Once' the Pool otý) LNG~ "s I -Atvtd. ze hetit ra~nsfer fromr the 11 ittl

to the stit-fa,-- of Ole Pool !ilcrvaase tih riate ot v'~pori~rat ion. Vic

"burnIng rate" hOti depndý hot h on).it radiati on t ror thet flamue aind

the' boilinog ralte ,! -10r . :n- large > -tie tvxrvitnent t. * the vaIriation

in buj.njip rite' %.-ii lime' cantvot bet dcc rrxine.4 eztsi v. WldoI het

retirlca e-.t !rriatc- 0¶ 1,a, Yt,..ýat ion I r.i-ý the' flxtm* are' intihe j

princ ipl--. tht'v rvoui te i. no (Ai~ Ot v dlat r ibutlon ')I thev I 1 int&

t rinpe r At urt itid thy b I t, c o I Ic -n t r a lt I ~t I I t: I re . fit1 :v v r.Ig0

VAlvics ot t'. Iurntling rAt k ' .111 dv ,t't;I I-, v I nowln e t'. total

volume o' *uq I n 31I (C O!urit on of 1' 11K

In F i ~trc ).l t1 #t- i t h.'),- cxi dI~e' .ot f C'v Pool I o

!,N'. t es t I: ) .O-l j on, , -w,ý, o I I-,) I,', i It Tl; ll~ e I imuns 1on-

(If the p00l 'w.'er k1 'au* In lg thedv..14 nd.. s'~t ar..'

-- nfc u ft r

The I jO e t 0 I.11 C 'A" ' Jfk. It It'1 e.IZ0 71 TO I'~~ iW ttte PC r I P1t -IV.i

Th~ ~ ~~~I cp I dlniItý4 1

.,**. t' as wI'ourldarv of the whitte
Viperfl 011,1  3 t IO 1 it. l '-T t a. c, .ii- re;Isu! .ment of
t% 0.. rcn%. v' '' o r. r (r, *lot Ii. , tuiti .iit I I '. r~tii r

rv~hjc.iv t 1 o' -~it t ;v t enC tie TCI bun twtien the

p iol a n, t' I .v i. ioo'. I. iu- i; Ie o. rr trr I e II iv% In the
meAqur 'iitnt ol i MOT) 1 1l. V,* ý', I 41 M i it % n it lvi ty analI-
Y~iS %'n lie of~u, t.*.1h.cti~ 

4 fi- .nanl,!fl are' pre-
'iPnt'-! In. s-c! .,
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The exac t d imens tons of I hoise t I niger s (',)LI d Trnt bo dote rm I fld bv t tý

available mot ion pltcture dat i. For simpliridty we assi:'ed that th

pool was e~lli pt ica i n Il * t. it h d irrensii ots al ong t he major andl minr

axes given tNN Otth dow:iwi1nd and The cros sw ind camr&r .ts. T'_-et *'

averagc pool diamet oer tsdoterniined to he the diameter o! a ci rci oi

equivalent at..,A. Sirc. tic view. irom the movie eltuern ~alnvs l-id ýit-

tlie width o! the pool Tior-..il to rlt, tiuld (if vIt-.: (it tlh' c.Imera t,t .-

di ametvir o: t he pool ] ltorinvd ',, t hI- met hod provti. I esin pui nt

the eXt m11t 0! oIspi..

Ai, a'.n.............ron F!91u11711 I, te Inf-lal sqread ra. ! the

Ist-co..d .1! I : 
1

i It c-ne 'te tit(- pool. T11". airzo-shý i..n i'

Figuze '.~ind Iet M I i-r TI I vv i viicnc oI 4l¶ 'l 1 ai- r I r(Ir. thIe

onir A, Ii #,Ire- at I'-- v I " Sa o 4 I Ci '11" dVI So ;'til I ., to

o iitteli.pn i:. Z.-: at .. eqnen :Ii uti atui yi rt t,'r

rate a ickl I. t- .1i1 t~j tI t , t t' r¶ i.i
1 

.'n rw. fril

81 ~ ~ ~ ~ ~ ~ ~ ~ l,- Itert L,'pii ! t I ' id : Itt'I A'' Thu pocIi farl,.iitcr

vinir~ test t '.2!o oI -I C tt 1.. -:. 'ie ~ cli~ n 1il ~.

,r'low% I'. 19 -:r ~ - -7 t:r 4.' ! : rnr.ng .i -t 4-. for I.N pir! f ires on -altt

.o tua . .1T I t I I f ~ h 1!, 1 t V e VC y !. PMarIt tlP fol loVIng

0n u Tri it :-- l ng o4 -;C,'! t o dc t 4 1nImne the

-'irinT-' 1i 31.'ir t' Ii., 'Puot 1(111 11 p i ire d.)t a

-All" -- i!'t.t d.-.' It I.? T. 1 111ng th !.dur173LIton of i TtePnse

lIt "d * ' '~r r ~ I t 1 .1 t r.. ". I ent por leod of thlie I ire I n

~.1ith t1.' :.~ .::i s int rk i %,in g ;ti the fInalI ~t Aiig o f

ric. f 14,-v'.v'r re . lit he o,.t of thec visible flame war, Fiteadi ly
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*Thek artu; I a~rea of the po 1 is ' ikelv toi be le~ than t he area

i nA .it et !,N the Maxi= I ton ioo in $e.. t r o Iore ,o

V1001¶ b 0t ll .tv rage 01 .i:i-v't.*r atnd cl' oif t~ h s.vt taigv di atn t et

in ot'deU to oo aita In vo;i'e t Iv..l he I _o~ oI I i -I t !,.11"d hi14 kilpprI

lintits tor t.1e bvrtiing rates.

The Surn i re rate IS itS t irMated by; iiiv iting t¶ he total VolurnL of L.NG

vt he '3.1 o!At ed are a of the. pool aud the dur at ion of t he burn ing.

If the' hu~rnf7) :.itl Wet'I' C.onStant , t he M44X!l: 11001 ladfus lsholld

increase With OWs -ju~are loot of the spIltl rate. in t',4 \ A (1974)

pootl fire tvx.tts. the burniiij, rIttv due to boil' r.mdiat loit 'zcm thle fire was

found to he about 1.44 x 10~ i/s (0. 14 in/mitt) for the t) m diameter tests

and was toestiated to be about 1. 5 7 Y 10- mf/s (0. 1' in/miri) for the 24 mt

diam~eter test. If we MRSsM a typical Value of 1.4$ X 10' a/m (0.35 I.n/min)

and add thia to the typical regresmion rate (if 4.?l )c 10- 4 /s 0I in/min) for

IJ XG boiling on water. we would expect the pool tires on walter of the scale

studied at China Lake to have a regressionIT rate Of About 'i. 7x 10 mn/8

Obsierved avurage pool dildmet--rs i~rv plot t d lutnurt ion ,-, pýIll

rate In Fi gure ~'..Al-mo shown 1% thet thee retlcal l ieu If th~e regro.. -

-!on ratetv raired a constatn .t at 7xi Vt rot, 1,i I gure it

;t1Že ar thtt~po i~tr t . th.,11 wokld h~e expeoted at tile high

s~ 1rate~s.

It *oevx it 1'.isi' t:11M t'* 'isvtrýe0. JIA~n('teT 1; r'Iprt Scn!

t'e dimnes ion ot thie lNl-,..tvr pool !-lir ace cont act arv.A * thien apparent

"Tr iing xntv C~.an t.cc jiihe s, rat- I. .r- !nrv-i'ntvoi as :1

uictiov of spill rate in Figure . The ra.,t% -Iriv In ther range ex-

f'c edor the te-st of %pill1 rates 11',, toj a'L(111t ().Ili m / low

It~ev ieem to In(r&'aqe W-'t antflal v for tle Iilghc.t 1pil rato tvests.

.1'dati arc not AadIto iiicntifv Oio nq'aqon for tlA.ý

apparent incrni'se in honirinjg rats wit', sj'Ill rate, It seem.; I i~elv thtat

the effect 1% due to )q llurfAce ar".u unhaticernent-efieut. associated vilth

the dischiarge let reaching n hilgh onough velocity to cause fragmcn-

at %ion of liquid as. it iinos no thei flat plate glesilgned to def lect
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It'j Ki ) aid hIta I, ot IA nte the w I I, ttr Iee a ih sr i (itzM,'A Ii, ii

.1, C JetI t ,I al' 3 so * xlit hit .a siai i t. ti I vc t

InI Figure 's . 7 -irt p lot tvI t hult vi s iii I r.t-asitittd cloud! I ,i. gt ls Ie a

fuicnrt I f till t it t I Ih II IIt vic d ci d~ I t s e TiM I t I I u t :

and 0F14A Th e ca t Is o I p ill I IIr t I v c tests 't :i (r, .) i .1h1,1 i!

ir /s. respec t ipY. Te 'i! i W-k, Al It.-" Ii L) p .11 v7, % .Iýc .t

¾e 6lun-ie v~ipor It:,! o! N -. s !-ti lq I,! l-.1 ''t-x nd ti, , - Kg

ond . I t e OIf:n vti,, ,- I I i- 1 ti j 1i e liti W('I I-r. T1 -nst1 UfI'.d I reCm ti 111 M't (!

picture tiatA. I gni I Iil 0-1 i t'.!I t liCt' c I t -''Ollt . *. sectin . and 301 se'i'nd~i-

itf t er tit he ' 1 tntIo t v -4t f: I indi 1 14, ti½pc)c t i v-Iv . Iit t I c v us

:,- !itI ý on I. I'c I Mi Iii Vl :1% ¶ r- eav y te ',I

[tot. A t I r-.t tt1  Ig .:.ti rIs tex ii hxrti 03 A" ti tho

c r i ptieI-rv e t ' .. ki jI I C VI.i I r ti 'm It i 1 i :,4 t T ti .t .irt i

U,!ov Id It. .i: "I ¶-A i--dIiy ¶1 eI ~ '

l~ost olY'siiv.-iI 1: i-,*r -oni it r 4. A-ý -I. 5 i TOM 1 ijl1T C

n., o . tl 1 - a ,n ,

tir t e st a i: at .l7 i r toil lm w vp r; a i tT t' ltl t t r.ill!il

r')~' idv t- no io-t ni It thd- ' id yica fohrp

dIwnwif int h di'd it. 10-V,'-'lvid f ve 11t' hIcit !teA io (of to he sonetondls)o

fire bxvrti!;tg, tla ver 1,1 y,'w 1, wi11ettva po it'' aai I ri semletd ite 1 l7.s1t v .Ieapt of the

I i' ".Ih 0-ttr pInvI] 'ir ' 1 5t wso iiinetvd ut The rait ometerr daat soved4

'eicn1" At i the Iikl !in. lt atihilo tIia in o t he rtmP4suon ifndtet tpfol

III _e t So r n (i ' Vl i-cioi il h ei yk U1 W-'
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f ir e was muchI sma I ,br th.in h te tm-as u rcd pea k va Ilut,. This test wais conducted
with winds Iin the 6-8 knot range and we have used flame tilt data from the

brief pool fir, segtnent. This Is one of three tests conducted with wind.

However, we have nut ased th, Trrdiomter data since considerable datts Arv

available from ithcr pool ftre tests which foll owed the conVCentii, ,al tvbl

sequence.

5.3 ANAI.Y.SIS (l- P'tkU. F."RJ _ AlA

Iln this .. ct ion , ,tx-'tus. &-scrVgt ions on thl- phN'sical charac-

t .• ; It'. First, w, de.s-rfl,,- lhi. qualilatI V etIv ..'er-

vat io .s ma dc. 1 r-01m I'' 1110t itll m; ilo ki t t i ';. ThI'n quant i lt iv, ,d.ta

obtained Iro;n o,,, .. .m. . 'o fon ,ct r ords are a alyzd wnd

(it T4,-!atvd,

f.3.1 q - ,i tt 0, 1 -. 1at 1', I on. •Y , I'ooi t'i -H l IIh v o 1 1 r

As s,,i i .x- the! IvN, I ii t I vi1 _!, on th t wat.r , one observes

streaks I whit.• t t .v.l s!iot i II' oIt In iI I dir,, t lolls, comrpltt, lv

m sknttI, tho spill ;nip wo. h tI b tt 2 t -b s.e wat tr level). t gn--

tors :,re activa e,! ; , l . , t -tts r i c 1 i. it 11 sek ol• d a ft r t he sp ill

cont acts t •ll, .t s hoi. . t- I t tit, re Is l y ! s i de lay If a few se. conds

he sore l .1i • 1s \ Is I,. on hth ! I tIm re ,o rd . Th, flare. ,,'es no. spread

•t ,e v rnp l iv e h h t .t , 1W est i, I i sil loud. In fact, ,ev,,n when most of

the VaPOT k.11 1( j4-. r 4i, t )if- pool) I 1t (1. 1 1 1'*' , 0I•1 0 still notice som.

".trao " wh - ',n10 !hi p' rfl,herv. It is likely thlat these clouds

cont ,Iu .:.=r ,.-.. rat iobs t-.l,,w the lower flar.mable limit which are

vislblt' T. ,* t' , . r I it 1 jo.. humidity v lo. to th le" wa'Ir.* Al-

ternat v, .. .. ti. r ,.; a: t, 1,n I tih. "'i ," consumption of the visible

cioud "• l " , "I . t.) l*T i . -gnif iii:nt an mio nts of conidensed water

(Iit" t I ti •! i ' !'.l it- wrii|h .t .. , tuLn hlu g midIum for f Iape.

U1'h1 , 14. hi* :t . ,;-;,'C - .t ',;;I-:. the' lan.k , they m~a significantly

affet t the. 1v ", ;. ;-;,,- :, 1u .

TIh vI • , o it,. to condnsation of water vapor as thl, ING
Vapo o -01 , r. !,i." 2 14, vapt,4, zon, riIv Iec within tlhr v1sible

.O tC 1, .O r la ir" ,Ifl 1d



Frm The s ieofd stgenIin t the d evuomrt ois thet jot a ti I,, I~;v th fr

eat~ omte the dlt~ (ra2 ionc) I'o, ho~ltir (11u tiepl

isch~ a~ rctrIzd bv~l a Iea inig.h t t'il¾ I wed b A t1 .~ Thge~ hedurto

d) isapear teý,hoo etdvstablishingg..l the tas .o Thdit; 110iraor, cr1 ed b

isnothervipratfauentied in mnote i nt; hire perodac Is; therenles ature

reguard mintaierda. ihte3s tore (Turnperiod7) tr lSartin sherical.bob

ofstrimat zones whrich tkove 0,upthviilepu. nfcthpridiv

of tieig-t vaith "ion coinide w'ith the relis of111 thes b1obliY of fluid.

Ith .ir urec orf a thatl yellwis flanmeno wi; he rest of fllates ant.

Another Imhortanlts fctinr oiedI i period to; thr~seaddere relas voiztion

reuare Ifntue1froal hetoen 3 sure tohiss peid taut lagi, sphricale bl7obs

ofth bu pillzoe wlirtcbmv pte on.epum.I atth eidct

(if n htva rito coiepes ntctides Wfith Ole fIrv. ea~w cI tpinentse age ( 's o r I ng

It heima ou prnd s a tha1et .ibt pIi sed p1 'in I t he tcr ul ofve inftlame is-!. an

bili. Oib, reptivlts.i phelttrio fic gucr.ase aend decrease t rif 1 mwie reord

ratno the- froum saeo unn the polfurae 1hi sapt, 4enne oot almost75

rOfal due toil the burnin fhairvrcr.nuha rpn

Stbae * btane) rThpesucolor oif the firlechane- I rnveil olw- ("startn

thredal"d aninall well esotacanhei seen a tire top- third of Fiut-e lime.

decbrease -in tel Thaera iolatei i.u, Thiss seeni t ccurI sjoon aftove ruci

In the final' stage of burning tehe flsmal flaniets ýoon (mote

prburnln oue whto ppeabrnin tof heacke' such AfS propft anltte,

flamehve deiedt Oinll onenot icesa ora(f hepn ther, roughly

equal to the siz~e of the LNG pool, which looks bl:%ck. Thiisa may be the
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remnAnts of do. kind of 1.!, r AhAd,ate . 8%, tti IM '11V 0lVOle colild

approaci tLhe poIV a3 r ( hr t :eV-. hit ')trick patch h"ad cotpletelov

di sappt ated.

5.3.2 Qtt3ntitat i ve Oat ft-, ',ool Fire L.xperimnots

Af indicAted eat !ler, the visil-le I atw |a iigl.t varie.- periodický1,'

with time. Vie rlatn , th iig. •. t ica , in the a,.tn'e ot wind, Ii tar

from being a pe i fe, t cvlhiiti, r.

As can l, ,;*c.en tro, I igi.re .8,, ttit I lar, Is t..i I and :.lender,

but the lat,ral I:nsi', ! ;it , no mt,:. ; t:i,ifoin.. !n !,act, the oh,-

servations of thu motion pictnt.e data tlitiicat,, t1at )aige turbulent

eddies are formed at the lower part ot the flame and rise gradually

to the upper part of the f!ar.t. During their asctnt, the eddies grow in

size and slowly dissipate into '"flamelets." For purposes of analysis,

we have used the "Instantaneous height" of the visible flame, which by

definition is the height of the solid flame from the pool ha,.e. Iii

determining the In-;tantatntous height we hilve imnored the sheets of the

flame that escape fri= the ma rn body of the flamc.

In Figure 5.9 are shxr'n the measured inst alt;,neous heights varying

with tize for t.'qt "1.'. As -an 1,c seen from "'i .tigutc. the height

of the flame bteaddlv increase,, tou about 5fl m in less than ', steconds

after ignition. This corr,'sponds to the rise o( thp initial hc-ad. The

diameter of the head wvi, -,..t mnaltwtd to hb. about P. m inid the height

to be about 11 m. The average velocity of r ir. o, the center of the

head was about 11 n;/s. The tall of the flame forins the beginning of

the pool fire and it rises to a height of about Y, m in about in. seconds.

The mean height of the flame was seen to he StcndV for a long tirie and

started to decrease steadily around 8, seconds after ignition. Hence,

we have estimated the duration of intense burning as 7S seconds wlhich

corresponds to the time difference between the beginning of the pool

fire (aftei the formation of the Initial head) and the end of the steady

state burning indicated bv the rapid decline in the flame height.

5-iq
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During the pet iod of Intense burning, the t lame h, ight ý!C tLkit t-

i pidlv. Fhtre , lears to bIt, prea orl,,,:t c , to t.l', tl' ,l,.Ilo t ion

wi a I e it peiod Lt about 2-3 seconds. The peak- to-ptcak fILuCtuaItion in

• h t is I ess than 10 m during the steady burning period. An nritl,.

mut tc average of the -lame length-4 over the dtirat ion of intenwt+ kirn tog

was calculated. In Figures 5.10, 9.11 and 5.12 art. shown the varlatito,

it, Itt s t ant ineous v is ible f lame leni th as i f iltn' t I o, o f lt. teI I.N :

I it ': . .*, a nd r, rt.%pet(t I v,.\I In Table S.3 lare given the durition

ens. +'llt'•l ,,. .Vt'li gt' ati t , nd;rd dtViaf 'n f i d NIi I, I-Ced vil;Ihbh,4

2 Id.e liingthi lot vai iot, I.Nk: tests.

,. 3.3 CtoricIlatIn ol th,' Visible Flame Iength P.tt a

It w•s, pointed on! -arl1.r it- Section '.2 that tht, apparent

average burnIng rate (if LN. on water varied significantly for the

various tests. In Figure '.13 are plotted the, mteaaured mean lengths

of the I laie, S as a function of the estimated burning rates. It should

be noted that there is inherent uncertainty in the estimated rate of

b'urning becau+;e of the stibjective 4,valuation of thc duration of Intense

a ;--, rl as. . . Ctr. of the b.,u,rnlng piol. T't. ptir'r!s0 e of Fisture 5.13

is merely to indicat, that there Is a definite relationship between the

rat++.: of 'tirnlng and thc averagt. flame height measured using the motion

pictut," data.k

I !.orea (I ,,3) .Ieve lop'd a ,-orre lat ion for t , vi s il 1e vmear. hei Ig _t

of turbulent diff usion flames (in the, Abefnc, of *ted) ba|',.d on ditron-

sional analys!.i and data from labtvratory scalt, cril Iires- The cor-

relation for a circular liquid pool fire can be written as follows:

I - 42 L: - ] (9.1)

%A'ere v is the total liquid regression rate.

5-21
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It
Thomas' a-al,'sis involves some fundamental asAumpttonq:

1. The tlamc is characterized by i single t.ttper.,tur' tdi a aleclfied

gai composition at the flame tip regatdletzti of the fliame 1i.,-t or

itoot tcOatlc, t rat ion in' the f 1ame

2. The correlation does not take into account either the differences

in fuel propert tes or the differences in their flame ra iant In

propert i a, .

I. The k-orrvla t, n 14 val1d only if the turbilience in generated by the

he at mon r v it tic If and not it thti ambl .unt tur'ýkilence is convec-ted

Into the tire plume. This may be a very serious limitation, since

ambient turbulence ih always convected into thu fire plume for a

fire In the open, such as for a burning pool of LNG on water.

Despite these limitations. Thomas' correlation seems to predict the

height-to-diameter ratios of large-scale l.N'; pool fires very well. In Figure

5.14 the flame height data from the current series of pool fire tests are

plotted in dtmcnstonless coordinates and are compared with Thomas' correl-

ation. The scatter in the measured flame heights is Indicated whereas the

diameter is assumed to be constant. In using Thomjit' correlation, we have

utill•,d the estimated values of the apparent average burning rates of LNG

on water. As can b' scen from Figure ,. 14, tht, predi, ted f lanra heightn agree

reasonibly well with the measured flame heightn.

5. 4.4 Flame Tilt _Iy_Wind

Wind tilting of L4G pool fire plume has been btudied by AGA (1974)

unsig the data obtained 'n the ArA expertments with i.Nf. firer on land.

the correiation obtained from iteme data I NiIlilaz,., ,civt. ueve1cipt-d by

Thomas (1964) and is given by:

I for us I

Coq (5.2)

1- for u* I

Whe re:

1/3 (5.3)

'7
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Wtore U is the wind velocity in m,'s measured at it height of 1.5 in abovew

grouind.

In Figure 5.1't Ia shon the correlation lsidi.'itetd by Z.ouat in (S.2)

Indicate,' Ii the figure are the two expel *mental )'tcint., obt,,tned from tlie

pool fire tests U. ,4ind 6. Th. Instalntanteous fla.tr-t tilt ang]t- were ;ntgasured

Itrm tile mition p11.ture data . 5ince the cartera ,wt, not nor-,il to th,

dir I.,'tIOl G of t ht: - i:d thut , W oi.Wi o-,tlt. MI 111KtV'.4 WU Ft! t k' cc: 'ItvCt d UL, .,g simmplI

tri ;,mn, 1-t. tr1 , rv lilt iolisitlps. to obtai-, the t lIt I:: of :he l a I , by thlie

wind in the vert 1.a.l plane :otntainlng the wirld v-,.tor. The scatter In

the mneasured data a1, due to lucturations in w iin, *.pt.*. Thc |atkasured witnd

velocitlti over tilt pond were about 2.64 b /m!s for ts V'2: aod V/ 6 and 2.20 n/s

tot test 04. The measured mcan flame i't '(tg 1
&miefrem the vertical axis

were 37', 26.5' and 46.30 for tents #2, *ý, and h respectively.

5.4 THERMAL RADIATION DATA AND THEIR ANALYSIS

In the pool firt, expe-Iments thiet radiative ont'jntt of the ireps were

mreasured rising rs'•inmeters. both the narrow-angle t,-pte and the wide-angle

type. In ontl experiment, (test 05) a spect r-mrt e: was al so used to

r t le htMlt sp tlal emissive charncterint Ic'. o! 'h' I Ire. JIh. i -seut !on

discusses the measured data utinR t0-e rTAd LIn, -7:,11 t h1 l:olcultI,.d

valuies for till- ther-,ll eneirv 'Mi ttetd bI' t-' , *,:,I . ,vt I, pou' r).

For calculatlntg the magnitude ot t 'he unt-rgy" ti-t..',.i ,, t - t.xiphut Ic aisorip-

tIlon corrections anti geometrical iew correct io, '., f.-tor, arv taken

tint , aC c.touat. Ill Offect , the flarne e.missImlon c o t . .t, are deternined

by ansuming tht- tlamr, to be a cvylindrical, grev em t. t t, r (MAA 1974).

Five wide-angle and two narrow--angle radio-•,et.,r:i weie. ufetd in these

pool fire testn to measure the radiant ftluxet; at variou, ý'Jstances from

the flame. Table 5.4 shows the location and orielrtatlot: )f thie.e radiom-

et etrs. The narrow-angle radiometers havu, a tot.,; o :angle (if about 7°

and are pointed at the f imrne. For the seriti, ,t..,ý t! to 6, they were

lotated 60 m .rtom the spill point and 'overed a t*,. ,ýirfnact' art-a of

approxismtelv 7 a in diameter. The mo ,. t.tent ,, I It4 of t( ts , 012, 13

and 14. had the narrov-angle radiometers located at a distance of 30 m

from the spill point. Therefore, the area of flamc surface covered in

these testn correnponded to a circle of about 3. t m dlameler. Since the

5-29
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narrow-angle radiocw'tvri view oinlv f lame surtaicc, the m&,aturcd qua1nt ity'

is direct ly reid tect to thtemtiss~ivye powr of tie 11 ank' ift er c orree tlIon.,,

for attaoq!eric transmissivitv are matde.

The wide-angle j.4dioMC~k'jS h~avo a fiteld of view of ajrLoXtMatL-IV 150'.

There fore, onily pat ol lit% -it-l oI~f view inc luded the flank.. T1141 i ty

powers can bie oh t a itod by hi,],k !a u t .Souii g t lie geome tri I C ow ft, -

tor at; one ot the parameters.

5.4.1 Liui. t.4Lijinth 01 thyk MtkLýJstled Rallomut.er Dat aI

tit nort unat elv wt, have been unable to tiue all the rad iomet er daita: thait

we re recorded t.or var Ioti pool ft rvs. Table 5.) Oi shs the availabla e radi-

ometer data to r var io~us poi . tr e A niumher (i probvm- madn; t-id sorne of the

rerordo-d data~ questilonablet. Foi ins I inre, * te two w ide-angle radioimet ers

fl and -' used In var ler oires0 teost s 1 through 0 Were sub~eqiioit lv[

damagvd anid Coil.'i not !e wi hriU ~ Allso, In tile calit)rIt loo, lov trri-

di ance was oh La incd byv IloWL 4 rig Ijt1 IV "Ip t l Te tlic hblack body to ';%Iit ng

in the change ill the hPVCt r.-l di~trit ut iOnl Of 111 iden1t ene-rgv) WhiIIV In

fly Id use the decrease In t h. I ir .T~ tW an, t wa4 c i e''d byv t he i I Lit an( ve bt wcet

t ti fI airat and thet rai i ume t A-i . A t litore' LIeAlI an al'vs i was IV pef ()r-'d to0

e' st i~ite the14 aye I Aige1 ra:l sm. I -i ion t hrougri t. Ite w Indow , hu tt t. lie reti iii t s oh -

PooIfI tire " test.;. ,;t :i. L.1 d SOt3 oIF t h v ad I onue t c r s wv e s- .u r roiinded I.V

Ithe flIank. and t he r",ý I (-. t 'road '.n gs we re o ft s cAe . Oine of the two narrow-

*inglv radior'tferS 11~'ý- 4:) V'sIl tol t6 Wa1s aimeld too IOW N~O thlat the flame

covcrt d onlyý a.ehut hji I oi Out tel fil of vi ew. ThIAs resultedi in a very low

ry aqurenen t o* thlter.tvnissi '.' . oief t hc I I im (.iaho'u halIf of t hat measured

Iby dymt he ra 1ilA t ý I -,t t- it , huit oi I .:t ed Ill stich a way as to

have' ml': 1l.r~iP -i.t, vo Iv t-: d ve . Dtie to several of these kin-

fciresteei i r 'uei axii k- "f - - . !,!:! is r~ret'! e . i t thik

sect ion hase been 'rt at I-. iteJ'ice'd. A compicl et t' lrrge of data gathered It,

the tea L8 Isi ý"i vn it Aj'pi iudi ').

Tet V!- *tvr (eT own to,' prior -ai:v inat atialysis. The analynta

Indi it ed sevelr-A I n- iire. t j1o)-i~iems so add iri on al tests Were condulcted.

Tests #12-14~ ret r-stn,e theq P,ý-cnet I4-i % of telits where~ niirit of the early

ins~trument proble'm-, wer, _--rot'Lvtd.

7T7:9
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An pointed out eat Ii''r t he, ttrnw-aligle iad lofl-tt Iook:ý ;At a pr

tion of t he flIame asnd me asiures tiho r ad :& t ed the rm~i flIux t tor that p. rtlo

of the flame. Siru.-e thel tied ot view. of thev tad i.nxetert; is tyýpical l\

small (of the order ol evw degivieu) , I iw ~nasur ed t hortnaiI tIll- (fir ett 1,.,

given Owe local t*rn I vs I t' ewr M t 1w I lame.e

In Figure are sh.lrc i the :'lea,.:: d IWdTTOW-.il1Q'1 ratd olenltr dAt a

for 1NG tEUM 012. As. can be seen ro'tt 1'iý'.ure S . 11) , t he mneasiured therma;l

f lux ate ad I Iv i tc reasLs uitrh t inb at t cxv ign It ion andl thIeni retiailuis t arIT V

const ant . At miout Q.( secmbi%~ t he measkir el t he::ia I flux start s to dec rue at

reaching ai low valuen o, ihouit 7 5 kW /ru justi hetI ore t he valve Is~ clsd

Then It tnutva~es ir'11'v to a v.2wt -q ON Wm just Mi-ore the flame-

dieR. The LaUNC t2.1 tL'S I.tv !- I Li I. ill ,!Ix ý'vIv bt, dlit vyloiu. aild

propane 1m K. 2 ý ai i N Man i to- - 2i I uii-- ct or toad. all

k er ge f I I X , i o~ , ' iý o2 t r 1 t 1, 1 .1 'it ., f Itill

t he -''cond na, , .an . 1 1 ¶* I "t ' ~ .~ ~1> 12 *o pI 0I1;1 sOn.

Iti Fi pure 5.17I .z .4! 1 o -.- i ~ *d,.I ll 1 : Ia .'1.-:W1 'i 'I' d Imi Or- 41 dat a

for Test 015. \s Li c.i t. c a - 1, v I , ra,`.i' rt WI '! w . : :, I t t.I- 4flI,

po' illt atnd I a,!li '2:et CI I " -i a lirne. .11, V- A, T ic I. I I po In Il I 11t. Ict orev

only about hllt otw t 1n 1-- ,1 y ýl :tdiounetti was .,volled bV the

flamu . and thv- t 'I, -!-.r.I 1 ul 1.~ 1,~ 1 ('We I I hall the I' lux

imir.tr4 a'. Tad Cm iu th, olrme

d t a for thA dc 1 k*,*.t',i n 2 V: 1 'I I '' on I 2 I I . t. I 10 1 . AS. ( f 
1 

'i* be t wen

fro~r. the -I-. , i ,.5 12T1 1. '1112! latt i'1i
1

1,,ilV

theAe t tw '. I- i I1. ii*. a r td4i'ii noth11in. Aso

Poe nt d nit a 4,2.......... I I h. 4 -.n 1..i Ii lnt d V.111o

cI'.id start,, I-,: i 1 ~ . ~ V . . 1 bil . I,, I I a4 pool

f I e. M:ce the o :1 n! ! !' 14lt ' - I*A6 OMI't CT1 14 owal-dls t tic

the finr an*' -i, I ,v '.,. u I 11" og (11 i. lhi ti q Is nd Icat ed

by the pi -ii-inct'd a i, ; tii it'.w i.k-mt :- d ýta t owairtis tilt end

both kadiot-ot -et . %;' i.v it tr. 1 1 t o~nc; able.v~11a. Thisl cleiilv Indicites

thAt the' -ri iwlw1' of the r.laImeti.'r -s w! c, rrect anid the entin- fields

cdt v Iew -. ,- T . 0c .-cr-d r-. t h. I ;iritn.
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In Y1 gure 5.20 are showi th,- t. .iaI flux measured by the nat I'ow-anjie
radiometers for various ING pool fire t,-sts. Hero we havo oloturt, the data

obtitir.ed vam r'adiot ter #b for the pool firt , ,v.t.- i, ¼, ', .4:1•1 , ( iadil) -

eter 05 far the pool fire test #12 and the peak values regl,.iered by both

radiom.ter; CSi and 6 for the delayed ignition pool tire test #13 anjd 14.

Since tho view of the narrow-angle radiometer Is completely c vered by the

flame, one can make estimates of the emissive power of the flame by proper-

ly correctitng for atmoapheric transmissivity.

Atmaisphit rI L .tinsrnitsivity tact or, 1 t. nt~ for- the. nitvtt'l'Ui Inti ct

the ilrkeLL l rni ais I ,,ti -aud 1ov absorption land •,at t' t1g it a ng the inter-

ven tng pat hi b% Wat I'r v1por , carbon d Iox ide , dint andlAt.t roso I part Ic Ites

Tli fs fa, Ior is a compi iL tt.d tuttion f ,t that thI lie ral atd -,pet tral charac-

teristics of the emitter and thte total atm.'unt oh ;,rt, 'pit able water in the

path length through the atmosphere. (The amount of precipitable water In

the atraphere is directly related to the relative humidity.)

The LNG fire spectral radiation differs considerably from that of a

black holy spectrum. However, the lack of data on the nature of the spec-

tral distribution of the thermal energy emitted from the fire precludes us

from obtaining thie correct transms•iivity for any given pathi length through

the atmosphere. To the extent that the measured Irradiance has to be cor-

:ected for atmospheric absorption (and converted to the flame emi ssive power)

we have used the black body spurctral t annmiislvitv curv-es. The variation

of atn',spherIc tbworptivity with distance and with relative humidities as

parameters is shown in Figure 5.21, for a black body source of 1150 K. We

have used this transmish.ivity data for correcting radiometer irtadinnces.

We do recognize that this does create some error Ic. the estimated value of

the flame Pmissive power. However, the error is expected to be smaller

than tlhe standard deviation of the measured values. The flame emissive

power thus estimated are ,bhon In Figure 5.22.

It In seen tlhnt the emissive pcwer of the flame Is relatively Indepen-

dent of the time during the period of Intense burning. Further, the emia-

sive power does nut appear to be a function of tEie total duration of spill.

(It has already been indicated that the size of the fire increases with

increasing spill rates.) The emissive power also does not seem to be a func-

tion of LNG composition in the range studied. A statistical averaging of
2

the data shown in Figure 5.22 yielded a mean of 212 kW/w 'is the emissive

5-39
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power of the I.NG flames. The standard deviant on of the data shovei in figpure

5.22 is about 22 kW/m 2 .

_5.4.-3 Wxke-An•_• ..ld-iomet.r -'.,ta.

Several wide-angle radiometers were located at various Adi:tanr-2 orom

the spill point to u, a,•mure the overall thermal radiation from Oh iot ] fires.

In Figure 5.1 and 5.2 are shown the exact location of wlde-angh* •idIocMt,,rs.

As pointei out earlier, wC have not been able to use all thie wIdt--at|'Ae

radtiOMCtei data. In Tahlte 9. art, indicated tht, v.,lId wide-i.gl,. radi,.ctcr

data that are aua v.:e,,in this 'seCtion. The wide--angle radiomxeters were

used witl to•ur diffetlt,,t tvpes of windio.'s as Indicated in Tabl]. 5.4. The

average trdrtsmissivitv through the windou wAs ,alculwoad by 1,sing the trans-

missivity spectrum of the window and the spectr-u.; of LNG flame measured in

test #5.* The calculated average transmissivities of the radiometer windows

are as follows:

Quartz I - 0.510

Quartz 2 - 0.441

Sapphire 0. 787

ZnSe - 0.720 (measured values were In 0.65-0.7 range)

In Figure 5.23 are shown the measured wide-angle radiometer data for

pool tire teat #12. Thls test was run under calm conditions, so the flame

was essentiall,, vertical. The radiometers were located at 30 m, 40 m and

60 m trom the spill point. As can be seen from Figure 5.23, the measured

thermal flux decreases steadily with increasing distance from the fire.

The thermal flux measured by the two radiometers located at 45 m from the

spill point are essentially the sae. The radiometers measure zero thermal

flux at the time of ignition and steadily increase to a stable value.

Dhuring the period of intense burning, the fluctuations in the radiometer

data appears to be periodic. It is likely that fluctuations in visible

flame height result in fluctuation of radicmeter data. The period of

fluctuation of the latter, however, seem much larger than the former.

In Figure 5.24 is plotted the time averaged thermal, flux measured by

the wide-angle radiometers as a function of the distance from the surface

of the flame for Test #12. Here we have assumed that during nteady-state

* The use of a spectrum recorded at 236 m distance from the flame to cor-
rect the radiometer data obtained within 60 m does introduce errors.
These are primarily due to Lhe path length dependent spectral absorption
characteristics of the atmosphere.
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burning. tile f lame sh,11e canl be approx im--ted h'y a c ircular cvl I ndcr of

diameter given in Table 5.2. The, average theim~il flux was determined by

taking tile arithmet ic averig~e of the il~st ant .invous rid lotnetcr readinig

during the period of Intlense burning. Al so Ind icatted I r, F I-Avire. S 24 1,

the measured peak and low values of the tho rmal flutx from the variozis

radiometers. The slopev of the li1nC plasinglY thrLough these dalta polintS~x'1 13l

indicate the spatilal varilat ion of t hu thermal f1lux for the silec if Ic f1*laint

shape and site. In Figure 5.24 are Also shown the predictions for test V~12

based on Lwo Wideol- kostd exl ýt inlg motdel s: the inverse square laiw mnode I with,

20% of tile energv radiated armI h1e sol Id f lame mrodel with 11/D 3 and F - 100~

k/2.As can be se*en tfrom Figiirek 'N, 24 the rn..atured var tat ion in) thrms)

flux ifi c loser to tile Solid greyv e-mi t ter mod.lu t r an the Inverse squart, law

m~xiel . The d~atA a rt rensonat~l v Well 1~oe led If tine uses F ,.u k']Im
11/1) - 3. 1 from .hoir.is' cquat ;oNl to')t ý I CgT VSh tI! I I At e -) 0. 14 i t n/ s

and .W. a I I owanee (-* r at mospihcr i -tb- ot T, Iotn .

For tile earlier scri,- to - I lite tcrstt I thIlloligh 6. thle dat a ('t lltii'ed

by on I t wo rall or-.,-t vro a re val Iid . Thesev two rafflometers are, oc ate(d at 40) m

and 60 m t r,-i the stoil i oint , !it mt-ashtiit an;n a vth .~ ~fiotint of ir--

i !vnt tira ra,ýia¶ion t.. ': ".t F. I v) e n 5 t t Itle

r.I tiow * cr icat e-_ a t 4 0 v, npeaso lretd .1 1r: iag. I i it 1h 't.Iý witha

peak aind low valut' Q. '. 7 ~'r- L; .. I i.' 1~ 14it W~ r'~ rspe et I'ely. Thu radlaio-

et er l ocateud 60 r fror t he spiI pci:~tz rwasuret! nn avte-.yep o 1 4 .4 1,W/m

w It h d peak amt low vlu I 1te Oý$f in ý!I:I t 11. C/n 1) re ~ct ive

Such a Spa8t i,1 dlSt I lýUt A1n11 flr:o radliat i, at f nr of f tit t ances does

not co re ,pond with -It her he Invey ;*- ;(Illare. low or tile geonfi&t ric al flame

TW.l VA v r i At i oni Iek:1. , q.. ha( e 111 et I)", ~ ' k th.'-j Jnt j~ mu h 11r

ot the vn tl V.. l"A.'" t. 1- * 1 a-a u~il uej11Id 1Inst romVeo) probleM

st-ems lkel'.

tIJc sh tp! us mi t L;oi,: *, -il a~t ( at an known rat C. Till' radi-

at lye heat " IuX (&, otp,!....l I-; ano I ft a distatve I ror the flame

ma:- be ralculitod 1-n'ý'h- . 1. t -ilgex'r; s

ý* - F - 1. (5.4)

Here t ne g-o-et't tic view f ., -1 ,x '. rvol18i vsit H the f rae t ion of energy rad i -

ated frn-x thr, firr- ulih ¾ , Intercepted iv tile objlect . Thle geomet rv of the



larg•c -.e culc tires i!; generallv flst~slut d to b., , ca :'' t , y i iidver. "lii

v.aL'iat. ioi i oI the-' otoihttri(" view I t a tor .'tt v IInde hligh! and , 1,t,171

f t,•t tht" ,,.nt c - f the I ire Is 10ven by RA1 (1 7 7 1,1 th. ) 'omtILlt.1ot I of

ththse view tattut o, s IL Is asstunwea hit th ringli, of view is 180(' S Ilce

thic d,,t .al aiglt. ,i 'ew of wIde.-angle rad lfom ters i.s 1500 . a correct ion

shm 1. 4" ,ppl tcd t, ,,l view faictrs. Ti.Is cor ivkt I o tevr is as

I ol lows:

F (5.5)r " na ,,;2" j(5 5

%;herk. ". is tti. sem.-cone angle o! the radiometer. For t' - 795. , thern :i .x. a

c-orr,..,t to,; t-act,,r b•.c•,i.t, 1.933. t•refere• the .ict,'al view factor between

thlie f i •e and the %adlornet er Is given by:

F- F /F (5.6)
a r

where F Is the value of view factor obtained from the equation apolicable
a

lr • 0 v ,,-'•.t t.I t (Raj , 197 7 .

T 'hv variat ion of the atmospheric trAn-.mistivitv factor i with distance

hI, already shown in Figure 5.21. In principle. it is possible to determir,e

rht. emisive power of the flame knowing the in-stantaneous values of 4". F

a ;d -. In Flgut11 5.25 art plotted the computed emissive powers of the

f lant, t,,-r ,Nt; pe• , ire t, est *12 tising thhe wide-angle radiometer dsta. AS

k:c,, be st..u from- Fi •tre 5.25, the emissive pouvir calculated using differetit

wide-angle radionict ers read an average value of about 200 kW/m 2 and have a

""'t'c , iabout 10 kW'/t.2 during the Initial staggr.. of burning. Both the

r[• it iJv of thc ,mis•ive power and the scatter in the data Increase

during the later stages (•f burning. The increase In magnitude of the

,.isive power c,_. at leart in part, be attributed to the increase in

lum.ne-,•i, soot radiation. The increase in the scatter of the measured

data. may be due to larger fluctuations in the flame height and width.

During tlt. period o! intenne burning, the average value of the emissive
2

power of the flame for the pool fire test 012 was vatimated to be 220 kW/m2

2
The. variance of the measiured data is about 47 kW•/m . The' highest value of

ermnRive power estimated using this procedure was 292 kW/m2 and this was

measured by the Tadicmeter located at 3C m from the spill point. The

flame height at this instance was about 57 m.
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5.4.4 Analysis of ood CharrTI Data

In Tests 12 end 13 involving pool fires, wooden stakes were provided

at different distances from the center of the spill. The purpose of pro-

viding these stakes was to observe the zone within vhich wood would Ignite

spontanecusly from the thermal radiation from the fire. In other words,

the stakes were used " additional, passive, radiation measuring instru-

Ments.

The stakes were construction grade timber of cross section 4 ca x 3.5

ca. These were used in "as available" condition and no attept was made

to pretreat the wood in any way. These stakes were driven Into the soil

in the pond such that about 0.5 a of the stake length would be projecting

out of the water surface. Initial attempts to place the stakes at uniform

spacings from the spill center failed due to practical difficulties. The

actual distances are shown in Table 5.6. The general direction of the line

of stakes was from the center of spill towards the NE corner of the pond.

The state of charring of the different stakes after the tests 912

end 013 is indicuted in Table 5.6. Plate 5.1 shows the degree of charring

of stakes located at different distances from the center in test 912.

Teat #13 was a delayed ignition pool fire test in which the vapors

initially covered t.e downwind part of the pond before ignition. It is

felt that the fire in this test swept past the wooden stakes. Hence, the

charring data from test 013 are nor considered in this analysis.

From the data of test 912, it is seen that the Stake 94 located at

18 a from the center does not &**a to have ignited; only a slight blackening

of the surface can be observed with beginnings to char. This can be

aaipuwild to raprant t.he A4dmiasa en , nnplotad timnition of wood.

The man flame emissive power can be inferred If we a"sum that spon-

taneous ignition of wood occurs at about 30 kW/m 2 (Lawson and Sims. 1953).

However, we note that this is the ignition criterion for long durations

of exposure. What constitutes "long" duration is somewhat uncertain. For

short exposure times, ignition sease to be affected more by the total

aaount of energy absorbed by wood rather than by radiant energy flux alose.

The calculation presented below should, therefore, be construed ad livin~g

&n approximate value for the flame euissive pover.
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Flamfe E-missive Power Calculatitons
Measured raditis 1t 0 kW/m 2 (wood Ignition diut ance) X - 18 m (in test #12)

Mean flame hvr ight ''-iiwg steady burning period

(see Section 5., li - 44 m

Flamie, base radiu.s (R) - 7 m

View factor (F) betwete'n a fire .hich has H/R - - 0.193
7.8b, and a vertical elemnt on the ground at
X/R -2. t)(for a table ol view factor values see
Rai (1977)).

Hence, the emissive power of flame - E - 0.1930.193

" 155 kW/m
2

In the above, calculat ion we have ignored the effect of atmospheric

absorption. This may be Justifiable becatuse tile distance between tile

flame surface and the locat ion tf tile stake Is only a few metters. We

note that thit stakes rece lve. significant part of the energy from tile lower

portions of the flame. We are uncertain, however. of tile effect of the

proximity of the radiation path to the water aurface and its effect on the

at 1.elluat tonl.

The second paranx-t e r t hat Introduces unc, rtaint fes in the estima'ition

o( thet. enitssive power is the flame diameter. In the above calculation

we have used a re.an value. 1owever, It was noticed in all pool lire tests

that tOh- flame ba se was not circular hut had a star shape . It is conceiv-

able that tihe f lame was much closer to the stakes tlhan is Implied by a

MeMI di aMnet (r H ..V , an 3pex of theI star rmrav have been in tie dlirection of

the line, of stakt-s. It I,. hard to tell this from the movies.). If this

isý the c.tsr,, thl above caILculation over estimateI theV f I ame emi FR I VV,

power. 11ite two errors h.liv fortunatelv compensatory effects.

";., rlit,, t a' t t ti'. j --. I%,(, PoW-,'r est Imtmth 4- d ahoVy Ii, ts om w'hl'rt I owor

li:r thr' r'mi siv' ;owerr. es•,t imIat,, u'sng narrow-angle and wlde-anrgl(

r.adi,,mrrr ,l.iat fol t''"t 411.'. It thi cornceivabl, that the i, light charring

of :.4' . '-4 tr'Iul t'd f rotr thl maximum emi"0ion fromir t)ir 1lame (which

o, (ur- toward,. th,. cud of til tburnin. tim" b1 caltia of incra.-ied soot).

Tht re I ; ,i,mk' riincrt ai Itv t% I spcc if.' I'•ng whichI st,;4 t represents the 30 kW/m 2

i',ltt Ion flux. F,,r cxamplt., If ,itaoe v #5 (located at 21 m) is assrirmed to

rc;,r',,.4rnt the unpilotcd ig•ir i lon ,ituitt()n Instead of stak, I at 18 m,

therm the calculated cml siw, power wo•uld he l') kW/m . This value, however,

JI mlih closer to tihe ;iv'rac•4. ,.mi-swi. powers est imaterd rising radiometer
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The conclusion from the wooden stake data can be expressed in general

terms; that the estimated missive power of the fire is approximately

185 kW/m 2

5.5 DISCUSSION OF RESULTS

In the preceding parts of this section we have presented data and

saialysia of the geometric and the thermal radiation characteristics of LNG

p.)ol fires on water. In suamry we wish to discuss some of the salient

rasults obtained and to indicate the limitations of the analyses that have

been performed.

In order to calculate potential hazard zones resulting from a LMG pool

fire, two fundamental characteristics of pool fires need to be evaluated. The

first one is the geometric description of the pool fire, rnamly, the amen diam-

eter, height, and shape of the flame. The second, even more important parom-

eter that needs to be defined is the missive power of the flame. Using the

motion picture data we ware able to arrive at the geometrical description

of the pool fire. We also noted that there were considerable uncertaiutie"

in the measured dimensions of the pool. In addition, the rate of burning

was calculated using the duration of intense burning, vhich wea determined

from the mtion picture data and the thermal radiation data. There is

considerable uncertainty in determining the length of this period --

especially in the shorter tests.

In this section we have attempted to pertorm a sensitivity analysis

on the measured data for pool fire test 112. The measured quantities for

this particular test are as follows:

Quantity of LNG spilled - 5.68 s3

Duration of spill - 0l seconds

Measured average diameter a 14.1 a

Measured duration of intense burning - 75 seconds

Since the measured pool diameter is subjet t to errors in memaurement tech-

niques, we have perturbed the diameter by 1.5 a (which corresponds to about

102) over the mean. The duration of actual burning it likely to be

between the duration of intense burning and the total duration of the spill.

In Table 5. 7 is shown the effect of variation of these parmters on the
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TABI.E 5.7

SE,¢SIT1V'IY ANALYSIS ON LNG POOL FIRE

TEST #12 DATA

Predicted
As•.•uuwd Me anAssumed Burning Rate Ma

Assumed Base )uratr ion Flame
Diame•-ter,. M of Burnin&.g M/ x 04 Height, m

81 5.62 46

12.6 7• h .84 47.1

75 6.07 48.2

81 4.4' 43.3

14.1 78 4.bt 44.3

7ý 4,8S 45.4

81 3.67 41.1

)1 .,78 3.81 42.1

7-) 3. O 43.1

Men'urod mean h ,ght ,f tlw f are - 44.0 nr.

Vrial.incv of thp height ol the flnme - 6.3 rn.
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predicted average visible height of the flm using ThomAs' correlation.

As can be soo ti--m Table 5. 7, the predicted flaim heights are not very

sensitive to the variation in diameters or the duration of burning. Ales

indicated in Table 5. 7 is the measured mean and variance of the visible

flame height for Test 112. We note that all the predicted flame heights

are wvll within the standard deviation of the measured flame height date. There-

fore, it is possible for us to conclude that Thomas' correlation pre-

dicts the mean height of the visible flame very well when the proper

burning rates are used- which brings um to the question of defining the

proper burning rete.

It was pointed out earlier in Section 5.2 that the estimated rates

of burning indicated a tendency to increase with the spill rate. This

implies that the maximum diameter is not as strong a function of spill rate

as eould be predicted from s simple evaporation model of the problem.

In fact. one would expect to see an increase in spill disiensiona with

increase of spill rate, the dimensions being maximum for an instan-

taneous spill. Therefore, the apparcnt increase in the burning rate is

not caused by the increase in spill rate, but possibly by increased

velocity with which a Jet oi LKIG impites on to the water surface.

Vhenever an immiscible, buoyant, cryogenic liquid is ralefaeA at lov

"velocities in the form of a vertical jet on to a water surface, the

liquid jet penetrates tho water surface, sinks to a certain depth,

rises due Eo buoyAncv forces and then spreads and evaporates simul-

taneously. If we ass.ume that the heat transfer rate from water to

the liquid is constant, then the total evaporation rate is dependent

on the surface area of the liquid pool. However, if the velocity of

the liquid jet is large, the jet pene.ratas .t.----er -sirface to coa-

siderable depth and part of the liquid breaks up into globules. The

remainder of the liquid rises to the surface and spreads radially.

The total amunt of liquid evoporated is the sum of liquid evaporated

from the pool surface and the globules which evaporate due to heat

transfer from their surfaces. Hence the total quantity of liquid evap-

orated is larger than the quantity computed using the dimensions of the

pool. This phenomenon is further augmented by the steel plate located

directly below the spill point nt the NWC test facility. While it is

not possible tk make quantitative estimates of the size and the total
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quantity 0f liquid in the shape of globules, it in reaioiable to assume

that the total quantity w-ill increase with the Jet velocity -nd this may

explain the observed increase in evaporation/burning rate. 4twever, flame

height Is a function of actual vaporization rate, so the use of the ,apparent
value in Thomas' correlation is valid.

The second quantity which is desired from the analysis of the

thermal radiation data is the "eminsive power" of the LNG flame. The

narrow-.ingle radiometers, whose field of view are completely covered by

the tlame murfacte mtaisur an average emissive pOUt' of about 212 k1h'm2

for the lower parts of the fire. Since the riarrw-angle radiometers

are viewing only the lower part of tile flame In all the tests, the

-c ,tt4,,r in the mt.tsuretd data IS nOt Very large (about 20 kW/M 2 ).

The wide-angle radiometers measure the thermal flux received by the

vertical elenent c' the r.idiometers. The el.•qtpve power of the flame may

be back calculated by assuming the flame to he a solid grey etaitter. As

pointed out earlier, we have the wide-angle radiometer dater only from

!,,tt *I? ak, the emissive pover calculated using this procedure shows a

wider scatter. The average emissive power was estimated to be 220 kW/m-

and the scatter was about 47 kW/m2.

For the poo! fir. tvst 012, the mean cizisi\v,: powers computed using

r•-angle nd w'de-angle radiometer data agree very well. However, the

,;c it .er in the emissive pcwer computed usinF. wide-atngle radiometer data

Is nvrarUIV t".icA tI•I' scatter in the n1i,,a -mt:I, r.•t,•omct.'r data. Th is

%., ".'rri;ition I• the a',,.,t e -, erti ,;ts w' power I partially due to the

t. :r i .•p ti tm , . ion'.! ., . .t. . . . .'; ond ,17,v of the flame. In computing

.j,e ýevtt(,Tetctc vieu fort,,rq, wo. h1ve asstjn:•r d that the flame is a solid

,':I ltdrlcnl body c•i. tti-i. 4qit-livy In all dlet ins. But, In practice,

[l.tmne is not a I'i ,.'l eftitt er andt, in fact . tends to pulsate.

1i. 1A et tu ule.t ,U:.,I1,. rigin9L fro:., thr lower part of the flame tend to

d1stý.r" the lat#r.il dir~e11n'onR of tLe flame. The narrow-angle radiometers,

1',. virtiti of vijwit' o,•l' pirt of t0; fla.-ra, mav not be very sensitive to

it:e f I ane 5174 var, -A a , i.t thti theiaan l flux measurcd by wide-angle

rad io-rt,.rg j." aff acted h-; these palsat Ions "n the lateral and vertical

dimension', ot the flame.

• IJ



*,i~n l io nirrow-ýingle radiometer data and Ll0aC Measured visible

f IrAMC gtc',• I V W '. I.. l. 1 t c it I, u ated thI pert ent of total combustion energy

wiicr, N,": tiAhat i kt o the Ilame. The results are shown in Table 5.8

an.tii , I, . i! tigut, 1.26 against the spill rate. Also plotted in

1iic il' Is .1 (|Iuvk , wn ich indicates the fractional eneigy radiated

irom a t 'r, whi-.1 h!i-,, .n'itant diameter and emisslvu power, but whose

hvignt vnri,..t wit-. h;111l ritte. In most of the present series of tests

t.le Thi:n't,'r :,t--atrird almo't a contant. An extreme'ly interesting
os,-wlvdit ,, c.141 V.Adv from thty results. A,, Ihe ispill rate increases,

tIe tract io: ,t :o vntgv radiated decreases. A physical explanation for

ti , ti1 hat ".tL aII of the vapors prodosced by the evaporating pool

;,.trt iipAtc i:, co:7ibuti ion, anl the faster they are liberated, the less the

chanice tr combustion. burgess and Zabetakis (1962) also fouad, in much

smaller ,scale experiments (0.38 m diameter) involving the spill of LNG onto

a warm tray. that ,about 70% of the vapor generated initially did not par-

t I ýipatet in co-bu,;t ou.

The ,!,iiqtInn .•ti1l remains as to what happens to the vapor that is
9v11C1aL,,! b'V tht' 1iolitng of L.NC On Water, but which seems to escape uncom-

b .,ted. ;ýt:l. 1., , .ahe.askis (1962) infer from their results that these

Vai,,tn 7:.,x t:aii ind gct diluted below the lower flannable limit and,

t-v.. it-t., v.s-,-pt, uni,uintd. This hypothesis which way explain an

cxtrerc l% t:'n'If •-nt 1,hniom.enon (such as occurrcd in Bureau of Mines'

txiv linent' 1 r.v.,. ;, ,•', k .ii adequate phytcal description fer a long

CL4!at .,"•- : '1111!, is because the vaporq liberated continuously

a t.,, p,�1.. ;' It , k 1-1.-'. ii::h and when they; mix with enough air at the
,.-VI; aMd rT Vach fiamabic concentration. the are likely to burn.

B*,.idcs t*hc flow.. of air is radially inward and hence, no vapor can

t"4ca.v, 011 t01" h o1t1 i It, of the fire.

A more I',i, al explanation could be provided if we assuiae a core of

rich vapor that rises in the middle of the visible fire. This core may

not butri in thi. init il stages because it is starved of oxygen (the

reactoni 1,, ta'iniý phice on the outer shell of the cylinder). Subsequently,

ttil tt;,-l ti It cor, -nav be mixed with the inward flowing combustion pro-

oi,.-ts and rendered non-combustible even if it mixer. with the right oropor-
tion of nir it th' higher elevations of the fire. The net result is that
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a substantial part of the vapor produced goes at the top of the fire un- i
combusted. This mdel essentially ' -)liea that the fire is a cylindrical

shell of reaction zone with an innk :ore that is relatively cool (compared

to the combustion zone temperature). Perhaps this may even explain the

emission that was observed in the 3 - 4 •lm band from warm optically thick

hydrocarbons (bee Figure 4.7), observed in the spectrum of the pool fire

in test 05. Test #5 is one of the high rate of spill tests and tberefore

the inner vapor core could be (f substpati.al dimensions. That would explain

the high optical thickness (which is generally a representation of physical

thickness and the concentration). Since we are basing this inner warni

vapor core hypothesis on only indirect data, it should be construed as

being only tentative. Certainly, more direct measurement, within the

fire could she'd more light on this issue.

r .A CONCI.US IONS

"The main conLlu::rions of the analysis of the pool fire data are as

follows:

(M) For continuous release spills the maximum diametac of the

.!2:- no, ior-,.., with spill rate a! rapidly as

would be predicted by a model assuming a constant burning

rate on water. in the highest spill rate tests, the burning

rate was highr than anticipated, probably due to Increased

heat t-ansfer area caused by the fragmentation of liquid by

the spill jet.

(ii) Thama-' (orrelation yields good agreement with measured

visible flame heights wl,.n the apparent burning rates are

used.

(iii) The avoi agv emisive power of the bottom part of the flame

was computid to it about 212 kW/m 2 using narrow-angle

radioreter data of all the pool fire tests. The wide-angle

radiometer data of pool fire test 012 indicated an average

emissive power of about 220 kW/m. However, the scatter

in tle wide-angle radiometer data of test #12 was about

four times the scatter in the narrow-angle radiometer

data fur the samo test.

(iv) The wood charring data indicated the average emissive power

of the flame for test #12 to be between 155 kW/m2 and 185 k/m 2.



(Iv) 1ýie fictic•n of total emuation energy radiated is between

12.1% to 27.11 for ,ptM &pill toets and 31.52 for the

blower spill teat, There mema to be a significant effect

of the spill rate on the fraction of enorgy radiated. The

highc the spIll rate, the lover the fraction emitted as

t hermI r.adiAtion.



6.0 ANALYSIS OF LNG VAPOR FIRES

6.1 INTRODU(7ION

The previous section focused on pool fires where ING was spilled in

the pond and was immediately ignited, resulting in a turbulent diffusion

flame stationary over a pool of vaporizing LNG. In this section another

type of fire is analyzed. The LNG is spilled onto the pond, but is not

ignited immediately. The spilled LNG forms a pool that vaporizes due to

heat transfer from the water. The vapors are then entrained by the pre-

vailing wind, tirst over water and then over land. The vapors are ignited

later, at about 70 m downwind of the spill point. A fire then spreads back

hhroug•h the vapor cloud and hence it i de.scribed as a "vapor fire."

Controlled vapor fire tests involving spills of LNG on water, disper-

sion of vapors and their subsequent ignition have not been conducted before.

Only tests on land have been performed and even in these tests, there were

no measuraments of thermal radiation from the fires. Hence, the principal

objective of the vapor fire test program was to ,erfotu relatively large-

size field tests of vapor fires on water so as to characterize the fire

behavior and its thermal radiation output. The ultimate objective of this

part of the program is to improve the staLe of the art In the assessment

of the ;potuntil hazard, from v,,por fitv. .

Six vapor fire tests were carried out in which ahhout equal amounts of

LN'; (4.4 to 5.5 m 3) were spilled in the center of a 50 x 50 x 1 m pond.

The spill durations were comparable for all tests (65 to 85 a). The instru-

mentation included movie cameras, wide-and narrow-angle radiometers, and

hydrocarbon gas analyzers.

It was found that vapor fires spread close to the ground in the form

of a propagating plume flame. The experiments did not indicate that LNG

vapors burn in the form of a fire ball. Three stages of fire development

were Identified. First, a transient turbulent flame (initially premixed

and later diffusive) spread through the portion of the cloud over land

while increasing in size. The flame speed relative to the vapors ranged

from 8 to 17 m/s, increasing with an increase in wind speed. This result
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Is consistent with previous Studles of vapor fires on land.

Secandlvy 1 .o, thw h lr,.., approached t he pond vdge , its advance indl

growt h ce,.std , prodlicing i s.te-adv , st at ionar y tuLlxInlttI di fusion I I Wn

inclined at about 35 to 450 from the vertical under the effect of wind.

This flam'e was bright orange in color with a width roughly three times its

inclined length. The flame persisted at the edge of the pond for about

half thv ftre (itr~tion vielding the maximum thermal radiation output at a

fairly constant levvl.

Dturing this ;t ationar. s.tgta of the" fire, tite-averaged overall etisstve
2

powTs.r. weret eStim.ited. Tht, values ranged from 104 to 320 W/m2 for the wide-

angle r.idiorrtxer data, ait 183 to 260 kW/m- for the narrow-angle radiometers

(p~ointcd at the flame base). The wider spread of the wide-angle radiometers

.ata can he attriluted to uncertain ties in the calculation of view factors

betwt!en t !It : .iri•s d I ;rL• I d IT.W :t I dkt 'V k't I . Vik-6: I at ors ,r" iarc w.dI in r.dii iiq

thr vride-a ,-;lt raAiometer dat a but not lx narrow-angie duo. 1 he average

e.mi.sive power based on all ridiometer data (fourteen measurements) was 210

kw,/t + 30% (standard drviatIon).

"Tht, f Inal - aRg' of the vap:,r fiire was a transient burn-out where the

flame I,'ve., toward, thw I.C.N, pool on the pond. The fire eventually resembled

a pool fire with sootv an,! rteddish flam ý..

ih aformti ý' ioi,td !. havior o( t he vapor ft.r , consisting of a rapid

i '. ,;pread In the ..... r- ovr land followed by a stationary burn at tile

- of thk. pond (ov.r wiat r) for a .ign tiitcant duration and finally a

r'e ont inuIed .,rca !. ove'r w, tvi t(, thi. spill poiui, dIng"1;l !_1tjnoi~ihes

thtý 'Irv from thev vlpor :irt,!; that have been olbcorved o,'''r land. In the

* '., iv, . , " i p,. qr, -'.?. 'i',i. "" 'wntl . t i s Ill point. Although

'-'4, .,1 ',t ' .'J •a ] •'. the "s ,' t nt,.rip I thls behavior, flirthh r studV

a . ' '',,,'--f T1,, ine wif th ,r IT it , -,; ntrinsit to va'por ftres on water or

I "1'." .i A ,Il , ',:' ! . .' | V'n atl (hiti~ I . S t'tt if It it-u olllenl-

4.1 [ons, ,u , ' ," w- rk . r,1 i t . l o this ' ,vct-c. ln ia', approl•it i tu.

S---.-'--}-- ,



6. 2 TES.*T tONPIrI'l O}S

Six vapor fire tests were conducted at China Lake. The conditions

for thete tests .are litited in Table 6.1 1u cluding date and time of test,

amount and duration of the spih, the chemical composition of the L.NG, the

time of flare ignition, the ambient temperature and relative humidity, and the

wind speed and direction at the pond and the bunker. As these tests were

essenti illy repeat tests, the bpilled volumes '4.4 to 5.5 m 3) and tho spill

durýtiions ('j5 to 85 t) were not varied signiticantly. Therefore, these

two parar.eteri aic not expected to affect the results. (The tests

we, Ct rte•pted. until comilet. s.t ts of successful m•asuremunts were

obtL.ined, namely in -14LC lb and 17.) However, the time between spill
aad .Ignition and the wind specd .aried hignificantly between tests
(from 2-' to b4 seconds and from 4.1 to 7,2 mi/a, respectively). We

",ave examined thte effects of these variations on the tesults.

Table 6.1 •.ivts the atmospheric stability estimated for the wind

amn! insolat ion I.lndilions It, each test, according to the procedure of Slade

(1968). Note that the atmospheri_ stability varied from neutral (D) to

moderately unstahle (B). Table 6.1 gives also the amount of atmospheric

precipitable w;tr estimated for the ambient temperature and relative

hu=iditv In eaciý Pe-t, according to t hu piokedura of Hiudson (1969).

The instrume'ntation consisted of cameras, wide- and narrow-angle

radiometers (as for the case of the pool fire tests), arid hydrocarbon gas

-,nsorg. ,nt - .,.............., cal mark ers and flares are

shown in plot plans In Figure 6.1 and 6.2. Separate figures are given for

test Nos. 8 to 11 and Nos. 16 and 17, respectively, to illustrate minor

differences in the locations of the radiometers and the presence of an

extra radiometer (No. 7) In the latcr tests.

The wind direction for e,.ch test is also shown in Figure 6.1 and 6,2.

Note that the variance trmn tha' general prevaiiing wind direction is smaller

for tests 9. 10, 16, and 17 and larger fOr tests 8 and 11.
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TABLE 6.-1

TIE;T CONDITIONS ,OF VAPtOR FIRE:

"1 F.:ST N . 8 9 Io 11 1 f. 17
I rE:x

Datte oU Test 5/26/77 ()/1/77 7/12/77 7/13/77 f/12/7A 4,/1 1'71

Time of Tt'-,t (lit. in.) 14 :40 13:30 14:[,O 14:4ti 21:14 1 : 1 .

IW; (omp(. ;lt I on:

Mc thant • 95.11 93.81 93.81 95.64 (44. (19

Ethane, 1 1.84 5.33 5.33 3.43 5. 1)

P'roppan,. v V n v r rtatIn 1.73 0.79 0.79 H.71 :. "I

:'r: 1" ! ','!, , : I, / 0.50 0.07 0.07 0.22 (1.

N It ogun '. 0.82 trace trace

I I.t k t v f

V•u 1,. Sp il I e ) . I . 4.9 5.2 4.4 5.

•;. !i )ur.at ton, k'- "1,; 7, 4 05 70J 18

Ratc 1f S;il I m 3/S) 0.01 0.06M 0.066 0.08 0.063 0.071

1 I ;1 g I 1" I 1 l rk tl er I , . 2I I t 33 25

AMI, Itlit 'Cti1. tr iotn .;

k,- .. tt iv,. i t I .':. 21, 21, 25 33 24
111(i ?;t'C(1 .1: |I•n (,. . 4.1] 7.".+4.1 4.1 1.2 7.

, ., ., -2.,'I 1q5 230 21P

mlt n P S t .1 t ) tr~i, 11 I .. 1 . .1 4.1 .7 1. 1

bi.. • ' ! ti'l ., ;4 2 I 200 245 215

I -o !,, dr Set Fig ., t. 2*
or . .. .... l r ei .~ • .. , , . v~F B .

t '*. -iZA, 'r •d.t, g T v. I.' At.2 13.4 9.5 8. 0

trmn ,ri ',.7 ,.' I 1'i I1.7 7.

.4

.4,1t-u.,; .' * ,ev,- '+ *-.t'a rr I- 1 oi IV, S. 1(0. 11 and 2 and Ill m abovc
S.'. r i .I,. el 1 ,. 1 vitd 17.

4'-

Di'!t'" |1 1 -n l A . '• 4. , oImi .itu aul i-kl, flom' wh~ich ltop wind is tblowinV mea s~.ured

tlo< ~ ~ ~ ~ ~ ~ ~ S rI', 1!-t. tr+,•• t .o .
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b .3 '.I sF, NG Of DA \CO. I.FC11E

The ccllected data consisted of movie records (thrre to five views

for each fire), four to five wide-anglte tadiometers, two narrow-anglv

radio,.ieterq, and five ,iydrocarbon sensor:.. To give the reader an

overview of the data generated in these tests, we give a listing in

Table 6.2 where thr dat:i are labelled as successful (/), unrecognizable (UR),

off-scale (US). lost (11), oi not talen in a particular test (blank).

The basip, for thi. labt-ll will Ihe discussed as the data are presented

within this !,ectier.

Upon the release of LNt; onto the water surface, a pool was formed,

reaching a constant diameter within a few seconds. The diameter at maxi-

mum size was about 12 to 35 m depending on the test. The LNG boiled due

to heat transfer from the water and the vapors generated were carried with

wind over water, then over land. The maximum height of the visible cloud

prior to ignition was about four meters for all teats.

Two flarcs, lo,.tted at about 70 m from the spill point (see Figures

6.1 and 6.1), were ignited 2. to 64 seconds after the Ppill (depending

on the test). This ignition delay was sufficiently long to allow the LNG

vaport; to reii h tht' flar, prior to xnittion. The ti m needed for the vaporg

to travel to the flare was estirmated to be 10 to 20 seconds for the various

ambient wind speeds. Thus, the vapors ignited immediately after flare ig-

nition. The va;or was invisible at the location of the first ignition of

the vapors. This indicates that the flammable Tegion extends beyond the

visible cloud, which is consistent with the low ambient relative humidity

In all tests (22 to 331),

6.5 VAPOR FIRE DEVFI.OPMFNT

based on knorwledge of th" prevailing wind direct ions, the flares were

positioned so as: ;) to ignite the cloud hopefully at its downwind tip and

2) to prevent cloud drift to the bunker where the observers were located.

Note that in the pool fire tests, the humidity of the stagnant air over
the pond may have been considerably higher than the humidity of the air
over the land.

6-7



FABLE 6.

Kk.W DArA POR VAPOR FIRES

ITES NO, 3 10 11 167

I TEMS

Crost.,ind

Overhead

Westt Clobe U15

Sout'i Close V .p

Wide Angic RadiomCLers

o S IOS

3~ OS OSos

N ar row Angle IRidiomctcrs

5 1N K VN

6 C. VK

Hydrot.arbon ';as stn~ors

4, 4~ 4,4,

I k 0 ri. III .i t i vo oz I,- rwi i n gr 7 !

bt lai -1,n td udir1ctiM-., o l,111 wh TniS



In tt•,t s , 1j, 1, aiid 17 he wind directions werc fitirlV l)SC to thu

pievailing, wi.ni direction, as illustrated io Figtres 1j.I and 6..2. Con!e-

quently, he cloud was igTited at its de•wtnind tip and a fairly tegular

fire spread upwind towirdAs the spill point. On the other hand, in tests

,A ci 1. , t,, win'u wa, ntrt southerlV than thc prLvailing wind

d ttccto:,, thu.s, sendinlg the cloud between the two flar, i (see Figure 6.1).

•ourseqLtint:5". v l�t , o:,urred at two edges of th. iloud, upwind of the

cloud tt1, re-Sulting in a very non-uniform f~re sp. ead throughout the

cloud.

The anaivyit,, of the developrnt of the vopor fire, as given In this

.;,.'tion, fo,:ust- 0:1 t.,t. NOS. 9, 10, 16, and 17 who're a uniform fire was

obtained. Test Nos. 8 and 11 were not considered, because their non-

uniformity made the definition of a flame edge very difficult and not

From the mvie records, the locations of the upwind and downwind edges

of the flame (or burning zone) were measured as a function of time and are

given in Flgures b.1 to 6.6 for test Nos. 9. 10, 16, and 17. respectifely.

Flnoc edges wk.:' r measurcd from the flare location and ti1. from the instant

of ig:iition. 'lie flame width and lengtn are aso1 given in Figures 6.3

to t,.6. Flain w! .th wa4 measured along the dire,-tion of flame propagation,

as thu differetrcr bet.-ee'n tie u;pwind and downwind edges, of thv Ilame.

Flar, len 't. war n.aý'ýred 1n .1 vertical plane al,;i"g thk. general direction

t fia. Iu ilna! i in uu,'A : tha eti lct of wind (0,c TlFgure 6.7). Figusret

6.'1 to 6.7 .a-;e, glv' tet,.ren:e maiks ttich as the spill point, the location

( the NE maikr (which is close to the pond edge), the time wher, the spill

ended, an'l the crotid height nnd maximum L.NG pool radsun Just prior to

Iý1c t In. '" nl so note oo the tine axis when the flame was In the cloud

only, when i plume flank, devrloped and when it turned red and sooty.

Ih r•v ,Jlst mnt stages of fire development were identilied in each of

the frur vipor fire teqtsý

I .ri :'. f larrI iti g'rowth;

;. •,at I4uarv flarnw, near pond edge; and

3. Trar Alent burn-out.
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Flame Edge Wind
at Various Times Cloud

/-4" 7 7)

Spill Pond

Flare Point (60 x 60 x i n)

(a) Trans.ient Flame Growth

Wind

Flame

Cloud

Length 9 L 
C

4-)- •'idth W• ,

(b) Station(ary Flame Near Pond

FIGURE 6.7: SCHtFATIC OF MAIN STAGES OV VAPOR FIRE
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The ma':i feat ureF of r ht .e ;t ag,. r. !I Il istrat.Q. s( tie mA.I ic aC 1 In

Figure 6. 1 and Are !3ci I ed Io ii 't al 1,elow.

6 I�._ St~ae I: Transient Flame (;rowth

Witlin th,. fifst !',n seconds after ignition, fldme., spread quickly

both upwind and downwind of the flare. Flame travul in both dire(lions is

consistent witsi the Igriti •n of the flare after the flammable clobd had

traveled over it. The ilamtis were Initially contained withiln the clud but

soon extended in a fia.m"e pl :me abovw. the cloud, its schel-itically shown in

Figure 6.7a. This i .on. istent with pro-mixed burning o! the regions in

the cloud *,!at were within ,'-, f ,a .i.i, le range pilor to .,arie arrival,

followed by diffusive burning of the richer regions In the cloud. At times,

the edge of the upwind flame front was not oasily visible. However, we

could infer its location from a numher of obst.rvations such as the reces-

sion of the visible water condensation cloud* ahead of it, the ignition of

plants and brush within the flames and the general air motion around the

flame as made visi',le by the water condensation cloud. The uncertainty in

identifying the flame edge is estimated to he about + 1 meter which Is very

ecceptable for the scale of this experiment.A*

Flame travel downwind' of the flia,- lasted oul1v a f'A"ew - d.f. . ,Ater

consuming the fl-m-.able vapors therein, the downwind edge of the flame

star:ed to rec-ced toward the spill point. Generally, the flame zone was

fairiy normal to the wind direction.

During this translent flame grOwth. an aver-a•- flame speed with respect

to ground was calculated by taking the slope of the upwind flame location with res-

pect to time in Figures 6.3 to 6.6. Thit* flame speed with respect to the

gases was obtained by subtractiny; the wbnd speed from the speed with res-

pect to ground. The results are shown in Table 6.3 for both the upwind

and downwind spread. As the duration of the downwind spread was very short,

we focus only on upwind spread in the discu,.sion below. Also shown in the

table are wind speed at the pond, the delay in flare ignition (measured from

the instant of spill) and the atmospheric stability for each test. (Note

* Due to evaporation of the water fog by heat from the flame.
*A The uncertainty i:i measuring the flame length is higher (n, + 2 m) due to

flame fluctuations and the lift off of small flamelets.
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Lhat -tch-41 vI1.It ;u. it! the 311.,t4t pcrlc -sttlbi lit\. .i

(D) t,) moderat !Iv tins tal'Ile (I) ). Fror. 1ablv 6. 1, It Il found thriL:

1.Te~t Non . 10 1 .,- 17 had I:t h-ritvi -,nd s~peeLd (7.2 nih) antic

compitrablt, iý,vltion di 1 avs (33 And ?5 sec) and resulted In

eSOarntially thu siame upwind flauw spoed with respect to the

gasies (wt! tho experimental tincert atntv);

' I I S t N ,I. `J ! t.4, t 11 AM I.ir I , IWC d ( 7. 2 rt/ S) vý ttist Nils . l6b .n d

17.1 huti ha,!it 1 1.i Ign ,fi: fn d c i,, ( 511 Nv. and r v ilIt ed III it 4i0X

3. Tt&L No. 1(7 had au ignit ion Iulav ~xuv Liablt to test 'No. 9

(, vs 10se, ) bu, ., inuch low.rt winol 4.pu 1 (4. 1 vs 7 . 2 mS,

and rsultuid I n a I 1a r-t ~p v v siowe r I , a I a(-t or o 2.

beC aus t he a') ovc rv-i t: It s. .11 1 1 '1 :t 0 OUT !It t h ., ('1v N tLellt .1t I Vt

quoal itat Iv~e ohmervait ions can be m~ade. I t alppea1r s t lhat t he f I ame speed

in-reatest witrh an in, reitse in windI I;e- nd in t he t ime between spill and

ilare ignit Iokil. Th I . f Ink!i; In hi reationiblIv lie anneu the mi xedness of thle

LNG v~ittors wi th Am~bi1ent Atr dle;pe:)LIF. onl t he wind si-~ed (which Affectsa t he

rate oi minxirg'p nd the ignit i,'n il,-II\ I,.C *,.=-,iF th ik v-

wh. ii ,1 mI, nz- , -1 1 d'.e ;- I,,r t: .' a~rwa rr IvalI). (lIt ar'Iv , I r t he f tel-

r' h ikl .t *an Ili rva-tt Il i xi .' i, I ron-.s Ilic t lam,' speed.

It iii not ewort hy. how..ever , th at! or mu, it l onger I Kuit ItIon (ie I*avs , ast he

cloud becomeq l eanter . all Ink rva~sei.'II givit Ion dii 1.v Is exnvCCI ed to de-

crease the I laue iipeed. in fact , for verv Iclyn dly' the cloud rriy dissi-

pate making ignit ion no longer poss il)le

Vie wi td ef f , in ' I I ' A iv it; a(- IT- 1 ~ o 1 onii, his b vin 1,nvf i.t I gat ed

by Raj find F~mtus'nwi ( 1 97ý) kising the land vripor f i I datr f rorn ,4cver.a ex-

pe Iment H (AGA. TRW GA;7 !v Frvice . he data on f lamre S~peed from hie

Pr esent. -ittaiv ari ill Kood agr cerent wi t n t ho ;nnhl i -ihed dat a. A OIMP4.r I-

soil of these resuli;t is fihouwn In Fivurv fiH. Nntv that the flame speed In-

crenneft line'IrlVv ith wind speed, InI the range of wIndK Invest I gat ed .

trnf or!una teIv . t here Are no vx -ist I np modelIs zzha t denc r ibr t le afor e-

r~ent ioned 'I f`c ts n n the f lame spevd In a Vapor fire. The mo" t c l ose I y-

re I at Cd wih heS en risen1c hV R,11 And Y.MInITlq (1915S) f or the hnirn a m
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Ot £ la 9,e i .,m l,, I, vap(-.v 1%ild Yet , thiti tmdel does nu t itt trrpt to c i-

culate tl•e tI al.n..;p). 1. 1, IW-.,.d it assumes a speo I S. as t, calculate Lit

w i kt l" ý.'f I' k , b t, ! i l: , It il,'. )-. s kl e 111 1 ,e ,i" %-4 .01ht, 1 1 .I•, |t • ! lL. , ' IL0001l'

I.tic t 1 arie m|, pl, t ,Ovd" e+tm.''t s' ý,'f thisl h- mtLa '.

Ai, t ,t t I 'I . t t.Ie MutIMte C.,v buirnnl ,g of un, onf ieted t uel vapor clou,.us

hah been tret,.wnt, IN vi Fit, and L.ewis (1976). This model astiumes burning to

OCCUr in ,II ', I V Iha, r !s (due to buoyancy% as the fuel is consumed

Clearly, thti-. model is compiltelv unrelated to thit observed behavi or in

the ;ivsent

ýk Itt t hII- . I I WO I, ,!:,,1!, .,1d3 .v tI h . ;ric.~l,'r 3itu tion at hiand

namtlv. lj two dv;an ,u.,l c loud carried ill .a win'nd x13i Iviited at its

downwind rip with ftlrquont tlame propagatlot. up•'J.

b. 5,2 2 > Stationary Flame Near Pond Edge

Upon arrival n,,ir the pond edge, the transient flame growth and

advance (deuctibed abov'e) ceased. As illustrated in Figures 6.3 to 6.6.

in this stage, tht, flame aptcred stationary with a fairly constant width

and length for a p.rio,! of about 25 to 40 seconds. A fairly distinct

turb:+lent ditftOi~ive plaume flame wab observed, at an inclinat ion of 35 to

45" trom thr vrt hýal. A scht-Matic of this flamw is given in Figure 6.7b.

the f :IM#, hiatht :I l .lt. , t .6- ain an 'ragc v'nrl:c at a period of about

S+, -,n,!' . dge., . , l lv ,xt&'nl.i , er r Nctvr,- Into tht- pond.

At t iv.i , , :l.i-zt t 1ght " iull st tht. edgt of the cloud, while the

-a ,r r ,t , c . ri : d .rtkt ioudlry.

&,a.' •,. •Ovil, tht a"'Cer.ige flame length and width duirIng this second

stay," of tit. devel Ipm".It. (Tlw' tLermal radiatiin miasurements during this

stat a .' will dtRc,1S'od in th', f1`l -0ing section.) Note that the flame

di nengion q are alt•roimatelv the same for all thr testa.

dih, ¾•A• h,•a'.'l it !hv pontd 'dge W3P, very tilt rigi +ing. In "et'ts 8,

j". l+ ,1 I' l •it . w,+ . . ,t i Wt .lv cuc t rtred tao~ind a corner of the

po . ti., :, thI r l I w 1 t .'i:Id , Ti. tft,, I th t.s ('4ee V VIgu sr 6.9). The

f I .aitd th. i o ti tear the , r:.wr of the pond. but continued to spread on

lA-.I alng A1 he Oridt- oi the p,md as Illustrated in Figure 6.9. On the

otWr hait, this lt&,,,a.'ior was not observed in Test 17 derite a 8 Mi.lbar

wind dI , Iv(eI .'. ltI ,i iv, In Test 9, the flame advanced into the center

(if the lC,'; ,, ht. burning ont the O ide,-. In the center region where

th( fla e. ,11%'1.71_: V1, t1 , l d 4's'i less I1;.aa1ue than ,lsevlCre.

I...... .v
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A number of explanations can he offered for the lack -if m'tior )f

the flame near tbV! pen.' edge. First. thf. flame m;iy he slowed down due to

the presence of wate, dro;,le.Lt or ice p,•rticiet in the cloud over the water

surface. The water drollets wouli act as heat sinaks that inhibit chemical

reactions within the flar, resulting in a f.1c::.r tlame tpeecd with respect to

the gases. The witt,, droplets result frrom thli condensat ion of water vapors in

a foR form due to he.at transter to the cold LNG. Since the relative humidity

near water is much higher tthan that near land, a larger amount of water should

condense therein. i ? i t. C 1,, ,.it,-t a'it • ,i .ihlv i-n~er fog ovwr wa4ter

than over land. hisl water inhib'tion-bas.ed ,xplainatlon is consistent

with a general observation of famtvr flame spreud in trans,'arent clouds versus

white clouds (where the wato, fog it present).

We found no experimental data in the literature on the effect of

tine water droplets on the flame speed in a combustible vapor-air mixture.

Only vaguely-related results are reported by Egglesiton et al. (1975) for a

jet of water sprayed into flammable mixtures of ethylene and vinyl chloride
3

confined in a plastic enclosure, of about 5-n x 3 m x 3 m (45 to 50 m

Thev found an increase in flame speed. probably due to increased local

turbulence caused by the water spray. Cli.arly, the situation Is quite

different in the present tests, where the water fog has no initial momen-

turn to affect the :trbulence ievel.

A second explanation for the lack of tilra" advance near the pond edge

is that the cloud is locally too tiih to burn. Utilizing a recently

developed model for the gravitv spread of !.(. vapors released continuously

from a source (.NAE, lQ7Q),. we estirrotcd the vapor concentration near the

downwind edge of the pond tf be sIgnificantlv above the upper flammability

limit of methane (15Z) for the spill c(nidttionm of the tests. (In these

calculations, we have utilized hydrocarbon gas sensor data -- to be discussed

in Section 6.7 on gas analysis -- near the flare to determine the appro-

priate entrainment coefficit.u-,) The pr.,aence of the pond edge becomes

then purely coincidental. This rich cloud-based hypothesis is not very

plausible, however, betause it does not explain the general lack of flame

apread in the cloud periphery where leaner concentratlora should be present.

A tnird bvpothenis IN the fornmation of a circulation zone near the

pond edge that stabilizes the flame. The circulation zone would be caused

by the local topography, where land rises above the water level in the

h,21



pond. Because this difference in elevation is comparatively small (about

a few meters) and because there is no visible evidence of a circulation

zone, this hypothesis seems doubtful.

Further experimental and theoretical work is required to sort out the

various hypotheses described above and to explain the reason for flame

atta.'hment near the pond. Staggestlons kn such vork are given in the recod-

meandntit ns sec'tion.

. _ •. 1111tM_)_. 3: Transient Burn-out

Alter bitng a&proxicuitely stationarv tiear the pond edge, for half the

fire durattion, the flame c(nt inued Itso upwind motion towards the spill

! -.'." - ý,, I,-.its o , Pt,, Ital 1;, thit occurred .ipa roxITm tv Iv ,tiae r

the ,nd of the spill. w.hilt it occurred imich latet in Test No. 10. This

transient umrn-out stage lasaited for a ftawt ion at a minute intil a~i the

wills consumed. At the ver. end of the test , the fire rt. vtnr)led a pool

fire with a sooty and rcddhi%; plurc..

, -. -.• _ pt _, l:. ý• + 'W,,.th R•,lt t,

"The fla.mo lec'gth "111d 'idth* throughout tht vapor fire arc plotted in

S .' ' , r It -t t i t Iy, -4t s oi| a o,u v.. va* ui on thi+ prestuit

, ' s . pa I p , i to aak. en I . , t , * a . . t t, it to the,

vt .',i t 11a3Z4" I1. t ' i r..a.,. ;a i t l .W l.:n, i ijt . Th, rc Is+ too much

-r -;rovIEj .',1- mn aaiint ful c,,rr, 1t. ion. 11). I .n Ifi cant

Iu..n t t it. 4'. . .t;!11t I. , ! iit thtI f Ixm .I O t to -idth ratio II Ii le ss than

ilil'€ ,- ,1 "- "muc i, I rlc• otr t-, 1 '2'.

..- it tct ". at I,' ! L and Ecr'i- I ' Mode I ( 197S,) for a vapor fire

..rL1 41 .- oliMtaI Z ratio f ! 2 t:r the I lame length to its width, for the

:1.rc d %irtat ion ot • f!e. I hi -.. Ic i v"ar lantce with the above data, although

it :. Ild ten'ld !) Kivv o ,• ' ,7ti r','at ive us.t "irnt.,t of thermal flux from the flame.

Fz: !hernote , even whcn tht I at iao 14 w! adult d in the naodel so as to fit our

ex- ,t' Ilien'a dat i, t h- pit 4-14 t .d dept nJetce of lh,' maximum f lame width on the

flare, Qpe vd is at varia n et w t| t; .,',•%. L uIT.lme'ia•F4. Clearly. thie specific situation

at hand has not 1,eea todcle1ed and shoii;d he addrvaed in faiture work.

Hlamf lenth - length of tfl vt iblc t lnne VIume from the ground to the

t i p.
Width - wi'th at grounid level of the -io;1 of burning mnasured along the

'" 't !e l o p-,0.,* / .9 tl-ii fl ate, .h'ni l•ti i al width are defined in

Figure 6.7h.
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6.6- RAI.) IATION AN'AlYS I S

6.6.1 D)ata (til luc.(t ion and Evaitat it'l

Radiation datit were collect-ed using wide-angle and narro%.-angleI

r~idiometers placed at sel1ected loacjtions. nii indicated in FIgures 6.1 and

b. 2. The r~idotnicter ser1ial numberti. * bat ionN. elevat ion abhove t he water

:~vvI in the~ ponid .t oLent it !on ana windu6 matvrialI are I ist ud ili

LN~ 6. 4. Mosit ot Oic rad1 orp-ters =1r oaene 0prxmtl alo

tt~e CrO.Swilod d I t ctilov st, ;t to vit Id an unt'bst. ru, r ed view of the fir.,-

i~. exce'pt ic'ný. tkadli~olet k., 4 in Iif -, S to I1I :i:il! R-dilom~t t r 7 in

I et, 1 a, i , 17 ) w tr - ;-.I cedA .i11eoI. t ic up%, d d fructCie l.*

The outiput o1 each ra,4i re.t er Wa exatmined fn~dlvidual lv to detetitne

%iliethvr t tit *rw;kSlzrv1*):vnt '..i SiUC. Css ill or not .C! earl v , al1I of f -scale out -

p dut & :, wvr !ir~ . Vi:t ,t rr-wc! v , -.'e chec ked he consistency of the rad ioin-

v r 01,C;pilt Wit 010 icObSUIez '.dla-k. !bhavior shtow.n in Hpigres 6.3 to 6.6.

b". Cmp~tiit~; the t ir. at wn::: tlic tiaiorcter .t ot! cd to att nidd the rcs

ponast dtir.-atlon i wih tht- .z d':i civ.a and thv durattioo of the f ire, * es-

pvt. t i v& Iy . lkewu 4k h a ( o:is i ý. t unc v was la~ck Ing or when t hit read ings were

[VUfl .v CI 1Wout roil '; weT. 1 1! L;- rdvil ýi n-0 re. c¶g'1 (PRadlc-rct vr "~ in

rt k!tt & 1 1 .1W Fa.d Ion * .t1 0, 11n Test Il ) o . 'P 1irdtl r the validity

thu 7- 1., 1os Lei IIIt ;,.t , , -p.ired ! t. f Iltie t u t i ors ith1 t he f 1alme flIuc -

'!j;it Ior - b !Is twas, ve-ry i; prt in Ti-st Nu . 1 7, whort two successive ig-

£i lor, ::( ýi r (1. is :ina r. I1' I ( the col it-ctead radiometer data is; given

t-., TOhit' It lit, Ja t a at. rv I lvI d as sneo fn es *i o ff -scri Ie * unrecogni zab le,

.!-L 1 data i o Test I;- wv o,. I i st . laý.int in Table 6.2 denote that

1 .1 W 4 -T 1&

AI !I ., TI t, T~ t -t I* s '1vt-n I n Fi v'i re f,.11 ( from

I . o ! -I 2 I- i:r t -,. . ý .e ( )t, Thl Ma I (4I0Ic 15onli

it it 'it. * e oT ijo ~, of tiro, oveloPrivuot (deftined In Sect ion

'wh' 1. 1a'' I g. f-tato i -i: .- ,w'ar thle pond edge and is of maziwmu

"An I "nt f. I it, lit pill at h~. fait' nvcn:ttu verage value (ab~olt 200kW/mr2

q K Ip it, *,A f I ii, ,i a; Al i; to 4)k/n rd d ou-i t o 170 IhW/m 2 )

*Pcdat;i f toni t 1i.- tipt rond ra- orritt -rr were not 1it cipre t id

;nce cot rus:' ý Iig ;.v-w fa t-rr- kouti 'lo lbe t-.tiinted. In one test,
% !-1 7.f(' 1d -I t % we, 4 1;. - hn114; in the othei luentn port ionq of the flame
o, ' i;, s. Id'- w fit-d f'f view (-t the tinwinil c~arm-ra.
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These radiometer I luctuatiý,ns art. att tiblitit.le LC fi t tuat ions in flame

size, both having a time cOIlStaut of about 1 sec.

Frkxm thie h.iaard point of vI'e#., targets exposed to flame radiation

such as wood an,! stv,,t striu:turts would hiave response times much larger

than 1 second. Consequently, tney would integrate the radiation fluctu-

at onh ovvi tht' 'xp,toitv' mintl'rval , th,1s effectively sensing only the average

radiation (i% , : n F'.-,tii ,.11). Ions,";'.'intly. we ]have focur"d our

araly~i-s on .it t imv-avv.r.tgt. outLuit of the radiometers. An analysis of

itie fluctiiatieu ;. wo~il. i ha,,kc required calctilat tons of tht instantaneous

view taitors and thr -vchroni at ion of the usovie and raliometer recorda

(accounting toi phase shifts duo to thv response time of the radiometers).

Clearly, this i- 3n AWHwsoM tdsk that would also introduce large errors.

Since t0ii' wj•. :.ot notded from tht, hazard aaalysts point of view, we did not

onalyze tht. fuhtuattions in the radiometer outputs, focusing only on

average output s.

6.6.2 View Factor Calculations

gsed on th,, di-ictil•' iou of the previous serction, we need only deter-

mine view factors between flame and radiometers that nre ,averaged over

tle second .at a. cf the vapor I .r .

Wide Anj to

To wutt t he vIcw factor botween the wide-angle radiometer and the flame,

we assumed that the flamt- can be represented by a rectangular plane. The

average dimensioos of thi.s rectangle were calculated In two different meth-do

by two different dýjta analysts. Thy two method,, are sumuirlred in Table 5.5.

The requtlts, also shown in 1.d0l1 0.'1, Indicate that the two methods may

disagree by up to .23 in flame aiea (for Test No. 9), due to uncertainties

in defining the irregulart shape of the flame and in locatinp its edge.

V.,rtwsn ..lv, t1,; , .. ar,..m.nt i ,i v uithin ? to AT for Tistin lV an. 17.

(NI ly t hoeS two• t:est C I.'tie ed successfutl wido-angle radiomt er dat a for which

the flame d ImensIon ' we'rt, noeded to calculate view factors. Consequently, the

u-icertaintv iai ou;r view tact-or• is I limited.

fi- 2 7
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The view factors were calcilated using Hottel's Charts (1967) for

radiation from a rectangular plane (the flame) to a parallel infinitesimal

element (the radiometer) placed at one corner of the plane. We corrected

for the fact that the flame was not exactly parallel to the element by

geometric projection. 1he calculated view factorii are given in Table 6.6.

(This table wil 1 .disckt- sed turthl'r below.)

Narrow-Aý!_le Ra1di oumy_tyr s

For a narrow-angl , iadiom• vt.r, the vie.w factor IF unity when the field

of view is completely filled by the flame. For a 7' (full cone) angle

radiometer, the fields of view are 2.7 and 4.2 nr in radius at distances of

44 and 69 m, respectively. We verified that these small fields of view

were completely filled by the flame during the Interval over which the out-

puts of the narrow-angle radiometers were used. Consequently, we utilized

a view factor of unity.

6.6.3 Flame Emissive Power

11m Aver ge radi o-ct ey out puts (an; defined in Section 6.6.1) are

given in Table 6.V for all the squr-cesful maesireTnentR, along with the

corresponding view !aic or .(F), window and atmospheric transmissivit , it'ci

(t and ). The attospheric transmisslvity is only approximate as it
w a

assemes that the flame in a black body radiator at 1150 K and absorption

occurn only in the water bands. In reality, the flame Is a band emitter

due to the presence of hot water and carbon d~oxide, as explained in

Chapter 4 on spectral measurements. Thin "approximate" atmospher.c trans-

minsivii v for varil' , . .engt .h and amh ient hum idity has been presented

in a recent paper ( Raj, 1477). Beca'use of the relatively short path

between flarKn and radlo r'ters, the use of theRe transmis tivitles Is

expected to lead to Insivnificant errors.

b.- 2 9
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TABLE 6.6

EMISSIVE POWER CALCULATIONS FOR VAPOR FIRES
Type
of AveI age

RadiometerRadio- Output View Transmiasivity Emissive Power

ML1e -my Factor Window Ariosphere (kW/m 2 )

Teat No. 8 (5/26/77) Based on Calibration
of 9/14/76

6 NA 0.70 1 0.77 210

Teat No. 9 (6/1/77)

5 NA 2.9 1 0.78 260

Teas No. '6 (t)/12/78) Based on Calibration
of 8/10/78**

1 WA 2.7 0.021 0.79 0.75 115

2 WA 2.9 0.031 0.79 O.7b £18

3 WA 5.8 0.031 0.68 0.76 170

4 WA 5.5 0.048 0.79 0.78 104

5 NA 2.0 1 * 0.78 183

6 NA 2.1 1 0.78 200

TetŽt %t. 17 (tj/13,'78)

I WA 4.0 0.014 0.79 0.76 24.0

2 W;A 4.5 0.021 0.79 0.77 260

SWA S2. d.O21 68 0.77 320

W;. 1.). ( (.035 0.79 0.79 300

5 S. .L.O I 0.79 250

S. A _ i -l 10l 1C. 2

Average - 210

Standard EDeviation w & 65

(or + 30%)

No orzrIVtion for u-indow transnis.'ivlty on same gipprcir. window was used in

both cal ibtrt Jon arid rwa..uremenx t .

U xrept radtovneter No. 3 wfiIch way eanl• brAted on V21/78.

N - Narrow-Ang1,, Radiotift•r

WA - Wide-Aiglv 1I.diornvtcr

h- 30



Bt-CAU~v thC f Ark' C'V.t !S .'jbOIt 10 M, It if -1tt,'UM~' tO' be c'pt ic-a11 V

t hick ank! t ltem IsNi piwer (F) Is a I - t d(Cord Ing tv:

r.4
W a

-i the radtlw.mv 7 vi i in k6, I ) dvera1gc.d ov, r lihe periew whert2

7!, -ca -iItv h h v I qtc'V, a Iru !ýt d 111

(I A!' ~ OW ; i ''.

ihe range' of cai1~ulnat-I emismis e p y'.rm coveus from 10-'. to 320 kW!Em

wit, Test I' being. -':, the hIp~h ,jldh. whi . Test 16i on thie low tilde arki Tesitw

S *- rd 9 In t he ml ti! le rangvt .The r viv~v !% mi tuh nair rowe r fo~r VImi sf iv" Powe ri

tkaheu1 -:i .Žn lx narrow ang 1t, ..i~i onit r datit. (lit) to 266i kW/M it'. sbowni In

v~' ~ 6. t I's not ew'xh'; that t.'he *tveragtv I:) !'.h Cases If, about the timme

jo che, . tth avpv.At j 1: f thle r e nuIt i.; 'e c an co p~l r C onlIy T, -th
o n r -,. . o'~ %' .e! I, o. i'',t,.*t- d.,t -I h1ive( bi.,n obt n iied.

L i h ''x. *'t i," .1 ; 'Ial; W a nd -'., I I O -ilflý it I d: -WLvr

†n 1 1 it. rnt r, 'ý'ilt -, wl' th 1- 4 t I if the r

1w..s .ýx!':e - x v)~ !'!:o A ; tc ., - . t. m fI( hr siptntl~cantly

.r:I.he; --i`! u~ t'i, 7 ir: Ii .: :4 .§,' ,hMrr 4 d.11 It d 1 'V bV 112110 1CRA.

.~~~~ ~ 1 *,i i I. t. c* ,<~'.!rb,Ie t o r a d IAi v e

n ~e I 't t t' d. t !,v o', I 4....... , (1 oil% ati night

-: o'at N .t 1't ii,:i -. In vt 1K1' "-M I a t 1~ 1. , In T' t Nt. . 16, the

crr s, ~.141 -11, v 2 

1 '0 o'OI t. S 'I " 4 va : e ~ m 0, 95

0i~ '.: :' ~ 1T n ttdiorý. t,?.. (a-;...ir.iy tC'iat the

I I]~u I.1 the I I'I4IVotele dat, A e La~ed thle r Ig na ca I I rat ion L tirV(e
4 t edl Q, 1 1/170) for the 197' t-sts (%niq. 8 and (0), and the most recent

.iltbrAtion ý dated e/~~~ xa'pt for radiomietel No. 3 Oiirh wa
lateti i/1. "7h) loy the lq,-i lest (Non. lh a*rid 17). T he r ad Ionk-t vrr4

were recallhrott.1i after hvfnR .'ngtilfel Inl flatnn'q doi~rng Test 13 ('/1261S).

1ý%d Avv No. I at.%a ! Ifferi nt tvpe of wfi.'o a~nd in disicuq.~d below.



fl Aile is opt IC:I11y thick). h1us, from day to night tests, wLe should expect

difterences between the wide-angle radiometers data (Ind no ditference be-

twevti the riarrow-angle orvus. Thets differences are, estimated to be am-ill

(about 10t. ), howove.r siflne ti ch sapphirte windows on the rad lcuieter mini-

mi:.,d t-,ridiation to space, in the long wave-length region.

4osit 01 t0,t ditferv.ae between the results from the two types of

radiom'tt-rs is probanlv attributable to errors introduced in the calro-

latton o•! view' factors which itie nevlded only in the reduction of the wide-

Angle 1.AIii,•'ictr datta. Th,.*t, erro'rs are due to the irregular shape of the

fiarxe the ,iffit , ltv in .etxvrmtintng !flntw tilt, ar)d tlhe uncertainty in

i~ t %4 edgV'.

) 1. VeCt ef IU N Iinee ~i W.OWi I'llH 1 8i~ls

In t, t. lif) ant I , Kli I oi:xrtt r& 2 -nd 3 w, re placed at the same loca-

ion bk.x with dift,.tent wi:nJews, siqpphlie and lirt an 4, respectively. The

Hitttr.nk trzin-,-iA, ivitv ot the- ,.iph eir. window iN• ,',,t f). 8 ) up to 4 ,5 m.

ht,1 d:sp. qu Ik lv t hcI- aft I.r ird become-P4 zero bey'ond 8 i.m; while that of the

;rt ,: I , • n 4 1 tdow I, S , C ,. ,•. :-. ( ,- A;,, I . I,:,! ýX :1) .

It,. ,'. ',1 , :,.',. -,alu .ItedI accordin'g t<e Radiometer 2 are leos than

S dtni t ., i%.l,'i , iv•rvt vt li,- ltl ond 19 , for "est, 16 ad 17. res-

I I v,.,.I h. shi ttr, rd it. ;aist.nt with the spm.ttral transmissivity of

rti' W ,W 'T.id 'W .4 i, . i "' a 10' di 1f remn i A largter than expected , con-

:,,, a, t f " . t.-,lia.tI t.:; g', I ', 'lh itn t he, r gioni beyond

:- . ,.v~l irt,,.' * . a.l 1'.,'7t. ,.* '- , pla(ed at melected locadionv

!w -q- IIll pvr I i ,s I ll's•t t.ted in F!gtire 6.1 and 6.2. The

I.. I- t ,or ,I t tilt. q:• t j!,,%c grountd, wnn 0.61 a . The Aennor outputs

i' i T 't , '. - ' - ' i- 1 - I .i au,- v " Ji,le-te- ti re, o(, it'ull • and were thus die-

C AI I.v.f! -. .. ', s* ;1 , t :1! .6 G tailnd in ti qtist If, and 17. however. Still,

* :d, , . 'r c ''t, " o, ,d" I v t ,he L boud duie to t he part icular wind direc-

t i' in "1' -#: (I,- IIVer .. * .u eM.

ii .•: il' 1, • . 11,.7,.• i. 'i'dcl I-'iG;, i,:anesfattured by Mine Safet';



"IBLr 6.7

EHISSIVE POWER hASED ON ONLY NARROW

ANGLE RADIOMETER DATA

Ic~t No-. Radioiot,, -N,. Lmiiaive Power

260

1 183
6 200

17 2 5o
6 2 20

Average -220

Standard Deviation - + 27 (or + lfl)
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The gas sensor resiponse shows. very ralpid rise ti hydrocarbon concen-

trations as the cloud move-, over th. l ensor , shoot ing off it-ale (i.e..

larger th.an 5t metL lhie) The je•p•n~se. ,•lso dropt. rapidly upon flame arri-

val over thv sensor. For Test 17, the vapor cloud speed (without ignition)

was estimitted based on the gas sensor response. The speed was Iound to be

equal to rouighl ha if tihe sor. ,t the wind speed and It gravity induced

speedO o' the %,egattlvvlv boovitit v.apors. A similar agreenent was not ob-

tained for Test 17. premotn.eblx du,' to ai slowdown or shifting of the wind.

The i tes,. I t -i wi &on, I I-, Iio I,ii e oni thle v~allox lire Itest Sare

I. t,,i t i"n of di s kptt..,i v,1po0s H nt4rat ed by the spi 11 of ILNG on

dtlvi vi riv . 'it , 41,- iu• p1ui c f lame that remains close to the

groiund. A I I; .- h..l I I vjpe kit vapoi bu'nitiv, was not observed.

2. lhi I:k. --:pt,.. .I% , is 'nil h "t Iv Iast er ratt in the portion

ol "hi- c-lo,.d ovr l an,! vers•i t hnt over wat er. ThiN mav be

a: t T ibut *d t, t ht, ,y etvn. e o lof rI.It atmoiitit-, ,of condensed water and ice

,v I'~- W'.1tu c! tia 1111 O Iai 11I.Whit!, 1.Inhibi t th l ic I re spread .

Fi' -tae+r work I nm det-'d to shed mort v i It on t hih point .

I, !. Ir" *. t. r.atc ovet Inln.i Is Iotund to Increase with an

"., 1.,,s�, ,i ý.in1  
.. p ,.d, a. ! .. i:.% ' r. u,sot vd previousIY. i 1 r

b,, • % ,i h, ,. t .a ,.• i,'' so I it; stggeist I i line ar relv tiat onship

', : - ' P , , '~ I a. '. t fi m h•) .

'.. ,,-,, th, "... .... ,." ." I r. r,e m rn.i at .fat onarv with nearly con-

,y , , - ,.:.. . ,,,, . l t , hurn interval. The burning

T.+, •,,.. I 1' V-,'t ,.0 t +ie .PIMP foTr it 1 tehtst with average

I. th tiOl lioll the fire propa-

.a I u-i "*! t * 1 'in i ' In the verti•-al plan-). and depth.

"+. vt *,'.g , t n'+vv;., * 'It.- , iu rat I,) of burninit Zone length to

-. 1 -, . * " ' , . ll t, t wlii !i I". % amal l-r than has been

*Cr.a t tV- -l• r t-4 . ':a 4 v por l.,d of hl'iviht (H) and d1ensity

1l11 ,vTJ lIh i ,A , I i t , fi Nt , v',,r of

V a

K, 'r, '',r the pc S,'nt tests (6.2)

'II



6. The radiant emiasbive power calculated for the stationary staige

of the fire near thu pond edge is found to range from 104 to 320
2

kW/m* with an avetage value of 210 kW/m 4 30 (standard deviation).

7. Althuugh the uumber of tests was limited, a remarkable repeat-

ability of the maIn fire behavior has been observed between teats.

The radiant emiusive power estimated based on the narrow-angle

radiometer data was quite repeatable while that based on the wide-

anglne radiomete-r data varied significantly.
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7. ,.OXP4RISON OF RES;ULTS AND RECOMMV,'DATION'S

In this chap er t.w, retAltS ,s rained from po,,1 fire t,,aqts and va.por

fire tebts are summr.arized, compartvo, and contrast-d. Also indicated are

r.,,,els for tiriv in t!,c a ,msrient of thermal hazardh fromt LNG firet on

water. Finally a list of recoc=-ndat ions for future work is provided.

7. 1 ITOMPARI OF A .MA )2MISSI'd; PO$JFR RESUI.TS FROM POO}. FIRES AIN) VAPOR
F I RY.S-

The t h.v zaI t .d, at iv oyit put hf t h" pool I r s ., ,d vapor firce have

bht-n %-ilulItted usiig "h - lata fz,,!i t:t . 1'. t0 1(.- r.. t c!S.,,

w ide-angle radiome, ters , and in one experiment. frow a spectrometer. In

Attiother test. wooden stakes were positioned to ohservs- tht" degree of charring

at various distan-eu. Thtse were discussed in detail in Chapters 4, 5,

and 6. !n this sect Ion, the thermal data and results are cfmpared with a
view te drawing con( lusions about the nature of thermtal radiation frogm

pool fires and vapor fires.

The flame emli,sive powe: it' one important physical quantity whose

va%.eS were determined. This represents the energy emitted by a nominal
*~~~ 1... ie- un I- di arn fsa dt rom

r.. eptorq pos It ,onti at knrn distances from the lire. Wide-angle radiom-

i: ers and m h, 11.10 ,: slak,,i; received theimal rndid lion from the entire

flame shee , .,arrow-aiigie radlometers and the it-11ctraocter were positioned

s4, that only a portion of the lower part of ttw I lnmAe was viewed. Thus,

thc ,,m is'• ve power -'1t t1 matd % t,. r ' h c tac a *I ,,. represent t #4n average

'Value. vet the flau- area vitew'd bv the particular receptor instrument.

Flit emirialve r,'er rest its Irro. Chap ter,4 5 and 6 and are TrVpiated in Table
7.." ~~wi .. .Iaia T ,,. ,, ,,- ... •, .- • d •,• g ,•- for p o,•,, ir- i I Oni nlh

f) give unreaaonable values to'- the emitsive pwer* and are, therefore,

,,itted in Table 7.1 (for a ditcusnsion on this see Chapter 5, Section 5.4.3).

Ali'o Indicated in tle table are the re..ults from the spectrometer data and

t.ose obtat5ned from the da;tIi oai thtw charring of wooden stakes,

Ai can be seer from the resulta presented in Table 7.1 there does t,')t

appear to he anv nystematic variation iii the value of the evaluated 'min-

' This Is d&e to instrument calibration problems.
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Sive power. The tnix row-iioj!e iadiometer data. wclach dinrect v ,,lv. the Lt-,issivo

power (except 4or a minor correction for tile ataos-heric absorption) vary from

a low of 179 kW/m I to a hit.h of 260 It/m2 over the entire experimental range.

including both p,)ol fire ann vapor lire tests. Ihi. spvctrometer, wood Charring,

a:-,d wide angle data are generalh consistent with the narrow-angle data.

The purpose of th., dtlayed ignition pool tire tests was to obtain a largo

di#mvt etr tire to dvtermint wheth.r the f lame was opt ically thick. The

v'iisPive power results trtnn these teots htrve wide .,, tter but indicate a

;rnwwh:it higher mt`,m ,rsr,'vo, power than Ipool ii te, It Is likely, therefore,

tIiat tLe poo1 tirem weVtl itot optically :hick.

In gt.eeal , vapor I ire v-mistwiv power values are somewhat higher than

those t ros pool It 11,'s. This may be du. to two r-asons. Vapor fires may bc

,,mevwhat hotter bejse oa the burning ol a partially p'remixed vapor-air

mixture. Hence, the combustion is likely to be more elficrent. Secondly.

the thickness of the vapor tires along the direction of sight of the narrow-

angle radieter-; were In general larger than those in the case of pool fires,

i.e., the vapor cloud width was greater than the burning pool width. This

suggests that vapor tires were perhaps more optically thick than pool fires.

Alo• bccauae the entire vapor clotid wR% partiallv. re•ixed with air, combustion

"ould occur throughout the width. In a large tuobulent diffuiion pool fire

where the atir is cit rained I a om the outsidt of the : lane plume`, thert` are.

alw'ays pocky ta ot cold tit and burnt gx:. "t rapiped" within the folds of the

l.intc sh.ets r.aking tht' tito, rp1 .sa to bc ",,, or" o.erall than a turbulent

Pt._ ,_lxed f ire.

In Table 7.1, the avveraigve emi stive power ustim.ates are shown along with

z.aximum and minimum values Ifor the ateady burning: portion of each test. The
--. in•.-d mln _mi, vt'tlu.. represent tirnd", duringz the pet ioJ of steady

but ning arid do not ret letL the rapid fluctuations of thermal f lux due to

pi isat ions InF the f lame.

the vari.rbliItv in the narrow-angle emiasivt poner between . minimum and

a -.axinum (recik.ned only In the quasi-steady state burning period) in the pool

fire experiments is most protably due to the increased luminosity of the fire

towardq the end of the burning period. This appears to be due to the higher

lurnin,,us snot ron, entrations caused by the combustion of increasing quantities

of ethane`* propane, and butanc in the later stages of the fire. (MKthane

v.ai,,orizes irferentiallv in 'hui early stages etantie it has a higher relative

.nlatility.) The ;pe' tromctvt dita contirr this observation In test #5.
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In the vapor fire tests, the flame emissive power remains fairly

co.nt•ant during the steady burning nerlod and the range indicated In

Tests 16 and 17 represent readings from two instruments. The instrument

which read lower in Test 16 read higher In Test 17, so this does not appear

to be an instrument calibrttion effect. In the vaoor fire tests, methane

comrposition of the L.N(- remailned fairly constant. As a matter of fact,

the ethane .:,.tent in lest 9 is the lowest (1.8"), yet this zeat Rives

the highest etissivt, power. However, the propane content is highest in

this te:;t (1.' CO.. M)pdr,'d t, O.8i- in the otht.rs). Whether such small

variations in propan. ontenit can l,.0d to a wide variability in emissive

po'wer is doulttul. We ha'.v been unable to dls't'n any systematic trend in

the variability of the emissive pow'rs obtained from the narrow-angle

radiometer dat a. 1he exp!an.iation tway be simplv that because of nature of

thte V.ApOr firt, bu ti g anld IIhI Vagtrites of thc wind, the effective optical

pAth 4long the radtomr ter axis varied from tust to test. Such a conclusion,

howver. do.us not iustifv the varlability In the emissive ,powe r data (from

narrow-anle r.diomewte.t) obtained Irom the pool fires. In these tests

ont expect.i Elhe opt inl d,-pth to remai in about the same considerinR that

thr flare., diamet•is wre all essentiallv the same (about 14 meters).

The re.;ult ;pr-•.entv.! in la" lle 7.1 indicRat, i.rgtVr .t.andard de-

Stat uor. with -.I v r-AdinR+- Whtll coM;13t-Vd to tho1.S w i th narrow-angle

rca; lnv . The explanatfn :,,tr thIt. mav lie in the method bv which the

e i'. .:te t,,,w.'tr i, t v t ';.'t,,! I tC " 'iE . -1?W], radiotneter data. Thil

i :vlv.,s ~h,, U. t ., ,", n.t Ion ,of sh'apv . mittv and orrientation of the visible

f i e Tor- nov, r. I ,, d t ( a ( .;I mVt-what .,u!, Jc t ivye operat ion) and then the cal-

o|:nit'i¼,s ,f 1 i, .v ! .;-r i -,Prt, d to unity) relat ively minor er-rre

St+, e --n. . 4. ,-tnt: II I t+ 'iwii Ii. ant vailat ions In the estim ted view

1, ) k:t , !i v hun c 1 t ýiv 4'7. -a I Po. -

.), aB -t it 0', t t1 I h,- .d,.-, Tl - 1 re ultS ar- in general higher than

nuArrcw- aTigh", r ,-ult . Stu' uI! Vxplanat iMIn can be conmidered. In the

ca :e of ;,ol fI ruc. tte n,.r'ow arglt a w'r-r allned at the lower sections of

the flamw,. It Is g I Il i!; I' Il,'mioi scot :on( entrations increased with



height in the flame making the floae more raditLiv," .,t hirher elevations.

This would tend to MI-e te wide-angle readings. hltghtr. "he other possi-

hilitv is that the effect £,'v fire diameter increases with height. That

is, fit- infrared emittinF, gasrie form an inverted fruNLtuM of a cone with a

visible core in the middle, It is this core which is seen in the notion

picturies. The lict, •ut invisible gases (rilng in t.he ;ulume) surrounding

tihe Core, may contlilltu t eo higiht- wide-angle radonotrer read±•ngs and hen •v

lnighz t'Miss iVe p,,'wT (wni,'h Is ba sed on visible fltaie alea). Since no

infired pictures o! the fire were taken, thi.i -;hpLi ntiiti annot be coll-

Scr.ed.

The emi•sivw power of th. flamae obtained fror the spectromcopic data

is in close agreement with the results from narrow-angle data for Test 05.

W'e recall that the emissive power from the spectral data was based on a

flarrx, temperature of 15009 KA and stoichiometric comnbustion. The fire is

•o..n.1 not to be opticallv thick (over the ent ire infrared wave lengths)

even though the visible diameter was 13 m. Using the spectral model, an

equlvalj.nt tlaMe 4.missiveC .'LV'' wulu I,,- al"out 21, w h chf, is in good

agreemnt with the narrow-angle radiometer data. It i, unkfortunate that

the wide-anuv r-s.,,ilt frc'. this t'Mt cannot be compared with either narrow.-

angle or .qpit.roscopic result- becaise we suspect that the wide-angle

rcidinomter calibrations wtre incorrect. However, the Agreement of the re-

stults in Test 12. bane,! on wi,ld- and narrow-angle radiometers is very good.

Restults based on wood charring data give tomcwhat lower valuce. ThIs May

be because of the imprecise information on the therma flux level at which

the particular wocd used nini Lu o char. I.;.;: ha-,c ;.-ivumed th!4 i level t- hP

in kW/m', but it could he as high as 35 kW/tm' in which case the estimated

emisuive power would be closer to the radio,•'ter-based result.

The compatiscn above Indicates the significant variabilitV in the emis-

sive power results. Several possible factors have been discussed. None of

them can satisfactorily. explain all of the differences. Under these con-

ditions. the task ot recornmandinv a valuei for the emiesive power to be

2
Black body emisaive power at this temperature is 287 kWio



used in hazard calculations becomes difficult. We have mnre cnnfidenep in

the spectroscopic data and the narrow-angle data. Our recommendation is

for characterizing the INC. fire with a temperature of 1500 K and stoichio-

metric combustion and to use the physical thickness of the fire (diameter)

for the optical path length. This gives a maximum emiasive pover of 287

kW/m2 for an optically thick flame which is close to the observed maxiu~au

in vapor fireq.

7.2 SU(;GESTED WDEL FOR USI. IN ASSESSING THERM4A1L RADIATION HAZARDS FROM
LNG POOL- FIRES (IN WATER

Th& ev. alatiorI of t 1,. the.rm.al radIat ion fiv1d around a LNG fire is

made by calculating, ill .•wqunTc:C e th, following parametern:

1, The diarnettr of pool spread with a fire on the pool.

2. The time avtrige, mean flamy height.

i. The (missnivitv of the fire (f1,O, CO.,, and soot ernl.osivIties).

4. The vtýw factor to .ai el~ent at a given distance from the center

of the fire.

5. The atmosp!,,ric transmissivity to the given distance.

Based on tht data from the expet iments indicated in this report and

the analvsef; of thy' data. m.i•nitudes of some of the physical quantities

C'11e be e.tTblishcd for %Isc in hazard tiidels. Our recomendations for the

v,,luev of the v;arloua qi:tntiti(- arv indicated in Table 7.2. Further

our rt Ton,•r'ndat loio s for th" e'qulat ion-. include tu,, followinq-

1'ool Sj le.i d

[ " 'or continlious spills (7.1)

1/8

SFor Inxtantaneous spill (7.2)

in which the vplie o v ftom jable 7.2 should he used.
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Flame Height

0. f,

Lf - (7.3)D .g

Radiative Transfer

The thermal radiat ion Ilux a1t .uiwv fofnt ntlr'side thc fI"ri iF

decermined from the cquati,,n

b 1: 1! S f, (7.4)

where

F'b - Black body emilssiv power at flnr:,, temperature

F - View' factor

. Comhi red hAn 0 e.mIs.lv,,I % , oI I (f P ri (I U In the fire-

Cs . Soot ernti-I "itv In :hu Ire

:1 ,C- Ran6 ;tbsorpt lvitv (f water vapor and ' i, in the

atr I'lphl'ere. Thini asorpt 'it F I; tepreftenttlyve

of only the folowinv. hbats:

H' " , I .7.• , 2. 7 and 6. I m i ron.,

2.7 (overlap). 4.3 and Ir, microns

Alqo this Wceorpi lvi v is, to he (,iculat cd Ior a welRhted
menn radiat ion path thrnugh the atmosphere (see
equtt ions B-lP 11).

..1I llust.-ative L xaD=•.

3
Consider the ,pill o(t ,•.OO m of I.N(ý onto the water Surface In

11) minutes. It It reqliir,,d to calrIlate the radiative heat flux to a

vertical ele.int at water luvil, located at I km from the center of

,- I I. The tu-mprniure 0' the ambient is 20*(" and relative huidity



li obtainin, the resonlt or tho above prcblt-m we m uir-, i • t the

v~lues• reco:-.ýnwn,• ", in "ah , I v I

11,aarctc. of pt,•l coi-ulnuou.-i n;pill formula, eq,jatinn I -'I

' 97

Filam' 1 hk-ty'llt - 1.52 x 2972 ,, '4 3 a

Partial presstiro ;- beam IeIIwtth for 11 ,

0.19,,! x 297 " 56,4 atr. m

Vartial pressure be-im length for CO-

0.095 x 297 - 28.2 atm in

At these part al prrtsure-,length values the flame can be considered

to le optically thick. lt.•rce, the tetnl emissivity of the flame including

the qoot emission should le unity.

Total radiative energy rcleastd from the flame - Eh 287 kW/m 2

Atmoqpheric bhsorptivitv over the I km distance is caltilated using

either Hottel charts (Hottel and Sarofim. 1967) cr hyv ; ýir,, !.) xa

by band absorptivitv catioam .f Edwards, and BaIlakrishnar. (1973):

Partial press.re of water vapor in the - 1. %8 x 10 atic
atmosphere (20,'C, 60 1 111)

Partial ;,resore of CO, In the atmosphere - x x 10- Aim

-2 3
(pI)1 { 0 - 1.38 10 x 10 - 131, atIm m

(P ' 1 -10 I 10 -x.3 atlo mM

Unfortunatelv, the charts provided in Hottel and Sarofim (1967)

do not contain the range ot pl. tor ti20 encountered iai 01ir problem. 1e

therefore ch,•ose the (rather zediouni) method of absorptivity calcu-

lations indicated by dF..ards and Balakrishnan (1973). For detailed

calculations the referenced paner should be con.sulted.

lotal Ab'lorpttivtv of H,() and CO 2 0.370
in 20 0 f 60• 1 R1, I km path 2

I. -i~ io " 1 r k : M ! I A ,Id 2 k- g " I Tr./ 3
I' ;ahd It Ion, I- 4> ka " aI

7 -9



The vit-w fncror to a vertical element at I km from a fire of

297 m diamieter and 450 m hight - (,.04i5 (se tablets in Raj (1977)).

hence the thermal flux received at 1 km distance Is:

4"(1 km) - Eb F (1 - at ) - 287 x 0.0415 x 0.63 - 7.5 kW/m 2

b atm

It is noted that in a path length of 1 km the efffect.s of

absorption bv oth, r gases suich as carbon monoxide, ritroue oxide,

nethane, etc. in tilt- atmo-phere can begin to he noticeable. Therefore,

tCe calculatcd flux re.ceived, indic.tted above, is probably the upper

bound for thi- flux-

* . • S t.kb.s iL •,,' v !)F AS ''q !NG "HI CAI. RADIATION HAZ.ARI)S FRoM"-I'i;v',•NF:i\ElI~ ',PuR cI atii F IFF'

Tht da.t a f im I .I:Ir irt'c havl' indicated the turbulent flame.

%;)read velocitV in icont id vapor ii lotid4 as wll a na the magnitude of

I ldit itve e'm.isn ion. Also Che tests showed that there could be a

i gnif ,Iarit lv lifferent tVl,, Of v;'* f p (r l0ud fIrt behavior on a

b-dv of watetr to..-,ed t thati on landl. (The f ire spread rate seems

to hb less ,n ,,tc.r. ) Si ttt. additional direct data (such as the

t "'I .ip b . .n t oruha I tnt 1. =-,L pee*d anid dentsitv of water fog in a

c. 1, 1. vapor kI ,ud) i.'ild ),e nece.i;arv; hi. tiore a vapor fire spread

model on wat e r ten b. deI.I I opd an(d L i net the fire sp,'ead rate on land

i,- hiliht,k we re, ,-,wn I th, ,•se o(! the (urrent lv available vapor fire

model fot ai;k.; ird ,i•. M.,, ,e fi pn o.e, . Suc-h a calculation would be

ci'lnserv ýt ivt-'

"The re.t:otrmt-,Jdv vapor I ire hi.'ard assessment model Is therefore

a "wall f I re" model (* .araht ri.'e h'" tht, burn.ng of vapor in the form

o(i a prcpag,.,t in,. 'cins, it , It .-. ..... •1a .= m e.. T e mobdel ralculation

I OVOJVelR t hv fo l0 uW nti , PS:

1. :al-ulat ing f rom the icVown init ial vapor cloud spread,

th icknt,s and thc 0 ,;rl.ntrat ion disi rith tion in tne cloud,

an equivil -nt cIotri thitknemm within which the concentration

is trin ;orm tnnd ,',ov, lower f l.rarm le limit).

"i1l1,; rodel i') described in detail in a paper by Ral and Emmomta (1975).

-I,•



11,, 1 liln', - Oni the k ( trai, IrTI.C II) p rai-jh pri ;Vnted in Figure 6.8•,

the tii,)l ent ft aM' S;peed Lelati',e to the vapors corresponding

to the prevailing wind speid.

3. Calculaýing the maximnm burninR zone wiath assLaning a flame

hvight ',, width rtt io of 1 (nee Chapter A) . ThiR will also

give the flare,, p'lne length.

4. Dtermininyg the radiation zone around the I lame with f l.,,ne

emissive ;'Qotr for ve.rv large opti al path leugthfi (very

w,'le fire norm.al tn the wind direction) taken as 287 kW/M.

If the flaMe is not optically thick in a given direction

!t emissivity hai to be ca,'lculated by uting cho r,'cfr..enied

valucs given in Table 7..'.

7.3.1 I llustrat ivejxample

A vapor cloud has a rican v,,tior concentration of 20% (molar) and is

ot thickness 3 rm. The wind speed is '% m/s. Fi'O dJiren8,ons are tale-

lated as tollow':

From Fivurv 0.8

The f lamt' speed at S mrs wind speed S - 10.5 rnqI

Vh ick ne!4; of cloud " 1 3 M

Flar Frouide n,'rb..r - Ff 10 .5 3.75

Inverse volumetric expan.ion Tatio of . - 5.18 x 10

nm.thane at 210Z concentration

,For ~ ~ ± -ncu1to f thi pnnTeteir
mee Rai and Emmong (1975)3

flervitv of vapor cloud containing 201 - " 1.33 kg/tn 3

vapor by volise

Ratio of cloud di-n~ity to air density ". 1.13

Air fuel ma-si ratio for the comhuwtion r - 17.2

of methane

1-1l



Hence, uilng the tcquation from the labovc reference

W +
L~

•- - .1 -" W .

f ,am ..

Hence, W/6 - 88.5

Therefore. width of burning zony . 88,5 x 3 - 265 m

1'engith of f lar.e p1~vre a = 265 a

For calculati:.g therral radiation to n point outside the fire zone,

convention:al vie•s. fnct,,r (alcultIaions have to be made assuming the

ilarme to be a tilted rectangle. We also note that the flame front is

rmov-vng at a speed of 1O.S -5 - 5.5 rn/s relative to the ground,

against the wind dirrectioni.

7. 4 RFcoCýMENDAT IONS

With a view to providing bttc. guidance for future LNG fire

-rFr-Ch .fii d4elinctat I•Z thei important information to be gathered we

make tOe followitn rt'.•r nendations.

1. Better spectral data on larg. T.NG fires should be measured.

T is slhotild inc l ldt the fV Ilowing:

"* The 'e'ctn .eter t hould, be located as close as possible

to the fire te mintin.ze the absorption effects in the

at MTSe'-phvr.. If n:,c.sarv a nitrogen flushed optical

',;Vte•, (-whtIh rn'." involve providing a cooled pipe to

a Ii,-,t the fVte suarface) should be ,d~red.

"* 1Th sptectr•-eter should he provided with fore-optics

to T1n inM5Ze the off center image probleos.

"* If posqsi:ble. tie hpe(tral. scan r.nnRe should he extended

to 1(, .rr.

" f*.as;t scanning interferometers (Michelson type) should be

used. A vwrv fa,.t scanning mCviochrorator may also be

acceptahit.

S7-kz J
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exi enuiabl1e s-ec t rotioteis ("I-Xvehiroma-t or') These .

~'di:Ill IHT ii xladieoah tt 1  zstensivt toni e a

C g In 01- Ofl 01 ,) Ct I 11r . iwver , tht-Y mdv ol fer lc-.

cros t dati a coi.0 I *~on -t t he. expense of at cur 1cV

2. Spec trial dit a shoulId bv obtafgine, fromn t iffervnt parts of

tile ildmn along Its hevight to see it tlie upper parts of the

flame are ý;gnl fiCtAnlV M ort' rildi ft lee than lower parts.

ThIOs MLV lit IAh ;V~ \ imi tilI- lt ini the :ipect rometer

.txi,, (or ti r". rrOT 1! ! ft * t It thle Spi l ter to "sect'

1. Sp v,,t r ~t~vt et r,2. I k.* i't i i! .-ui' t o coan irim oir refuite t le

postkulate. thait at go v is ible I ire,; mav lic sut roiinded by a

hilanke t a f hot p ro~imts t. t combhastion which do not rad latc

in thle visible but raliiate in the infrared.

it bi e vossihiev to 11 igon tft e)!Lt 'roru tt~r Cdareful lv

during -in e xpe! inient so that the field of view does not

contnin any visible ;,.irt (it the, fire but contains the hot

L ,'nlpo, thu..............t lon 1an" the outitlde.T 'i s

COUld il~lso be auigmented with ipill) or motion pic tures

taken with tnfrnredl film-..

4. Narraý -ingit i-adlofieotu ns Toul d be movable In a vertical

plane so That the cirAitsion frm. different parts of the

f lamv can I-e recorJe d .

In thi-s serics c' tust s the narrow angle radiometer dat a

have been n.rre e ia i etan t hose from wide -Angle

rnaljonterq. We there'ore recorimend using more

nairow-angle radiometers than just th"- Iwo thitt were used

In thle current seres,

5. Vse of wide anple radiometcri should be cont inued.* however,

vitth Z:' -, w It n (Inows . The callibrat ion of the

radiometern mhouldI be per fonr-ed without 'ind v1 tt, windows.

6. Direct In situ me~astiii.vient% of xAs concentrationl and composition

in '-,C OfJ~ 1,c 4 .(- i"t t hv tvie nruiol

surface) should be ma~]e to see if a ~.1pnifirantt quantitv of

111nhurned fuel vapor moves up In the center of th fire.



7. Larger tests would be useful to provide more data on optically

thick pool fires and mav also indicate that above a certain

size, the fire burns in multiple cells rather than as a single

plume. It would also be interesting to confirm that the quan-

tity of unhurned fuel increases with Increasing fire size.

8. The effect on a pool fire of increasing vaporization rates by

Jetting LN; into the water should be investigated to verify the

hypothesis that this should decrease hazard zones over those

predicted by a model for a spreading pool on a smooth water

surface.

For future vapor cloud fire studv we recommend that:

9. lahoratorv scalk. ,r medium field scale tests be performed

to under-tand the effects of small droplets of water (fog) on

the turbulent flame, propagation In unconfined clouds.

rhlis series of tcats indicated a significantly different behavior

ot the vapor cloud tire on water compared to that on land. It

has been postulated that the major reason for this may be the

high densitv of watt.r fog particles in tlw vapor cloud close

tv the water surface.

10. The feasibility of conducting a large vapor cloud fire test on

S,,q. rv. lr.:v body of water should be considered. It is conceivable

that the fire may not spread through the cloud as rapidly on

wa' er as on land,

For both pool and vapor fire tests, further tnvestigation of the role

of heavy hydrocarbons In the radiative character of the fires would be use-

Ful in understandtng" vartatifiq in emissive power during the course of pool

fire te'ts.

7-14



NOMENCLATVRE

SYMBOL DIESCRIPTION E !A_• Cj_. UNITS
-1

A band width 4.4 cr)

Af Nominal area of the t-mitting m2

C al thratt ion constant 4.4 .I;Vi

2
C1 Planck !irs, constant - 4.1 m

1. 7. x 10

C2 i'lanck st.cond conitant - 4.1 m K

1.4388 x 10

D ')iametcr ef pool firv 5.1 m

s .,is vc po..cr ot ila7;e 2.5, 4.2, 6.1 kW/m 2

f ' . . trac" ion o! soot 2.6

F 6.1

g Acceilration due to 6.2 f/b 2

H u 1,;• hc. ight •."..

H Avd:agc e1ei;ht of the 5.1
v'i".1c 11ia k.

2
H, -?c-tral irradian,-e 4,5 '.,/ m*

i Spectral ra.iane of k.. W/m2 lic sr

1h1 fIat,.

Sptctral radiancc of black hod , k" m/m 2 sr

-1
k Spectral at- horptlin z.6 t1,

cocff1c irt for 7-'et

LVL Length cf " plume
of the fi rt

N-I



NOMENCLATURE CONTINUED

S'VMBOL DIE SCRIPTION EqUATION NO. UNITS

L Beam length 
a

Mass rate of burning 2.2 kg/m S

per unit area

N) Spectral radiance of a 4.7 W/m2 Sr M

"source at wave length \

p Partial pressure of species arm

Il thlt- ire

q Thermal flux at any location 5.4 W/M2

Ihtermal ine rg' radiated in 2.4 W

unit t i Me

t Tine

t Duration of spill

T Temperatire 
K

U, " Wind speted a/B

Nondimensional wind velocity 2.2 5.3 -

v ' *lkcitv of gravity spread 6.2 r/3

V Total volume of spill t3

,X. X ,l•tance to the radiation 2.3, 4.4 a

y Ictal liquid regression rate 5.1 M/i



":h-NC1.A'i t RE CONTINUEP

SYMBOL DElSCR I 1ON _JUATION NO. UNITS

GREEK LETTERS

Absorptivitv of a specie

Fractl,-'al density defect 2.8 (1
*W

I Emmissivity

C Tilt aný!le of tEie flame rad
axis with respect to
vertical caused by wind

0 Maximurm semi cone angle of 5.5
wide angle radiomecter

-l

Wave number l/. m

Wave length m or jim

Density 6.2 kg/m3

SAtmospheric trann 1.,sivIty 2.5, 5.4

Also used for optical depth Fig B.3
parameter

Transmifsalvity of radiometer 6.1
window

I Trann'lis.ivity for wave
hvngth

-i
Band width parameter cm

SUBSCRIPTS

a Air

b Black body

f Flame conditions

i Incident, initial

11 liquid
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NOHENCLATUIE CONTINUED

SYMBOL DESCRIPTION _EQTi9L•ii_, UNITS

SUBSCRIPTS

MAx Pertaining to the maximim

value lot, the parameter

6 Soot

S Source

v Vapor

SUPERSCRIPTS

Represents the rate of change

of parameter with respect to

time.

N-4



RI. K •.NCLS

1. Abramowitz, ,t and i. A. Stegun, "Htandbook tl MathcWatical Func-
tions," National Etsreau o1 ;tandarAs, Washington, D.C., 1964.

American Gas A,sociation, "ING Safety Program," heport i/2 Project
I lV-2-1, Feport Prepared by Arthur 1. Little, Inc. for the AGA,

' tanua rv 19 71.

3. American ;.ti., Assor iittion, "INC Safet. Prograrm - Interim Report
on iha1 s,' 11 ',rk,' IS-1-1, Section 11, .Julv 1974.

4. Becker, II.A. .ni 1. L.ixn,z, "Visiblh Lengtht VVeit cal Fre( Tur-
bulent Dit t un ion I lame,.' Co-tu Y .1on and 4 Flame, V\lt, ne 32,
p. 115-117, 1975.

5 Burgess, 1). and >M. lertzbt.i;;, "Radiation :ron Pool Fires," Heat

Transfer in Flaes, edited by ',. H. Afgan and .1. M. Beer, Scripts
Book Company, Washington, D.C., 1974.

6. Burgess, ). md i .'. G. Z:abetakis, "Fire and ExplosiLon Hazards Asso-
ciated with liquefied Natural Gas," Report 4; 6099, U'.S. bureau
of Mines, Pittsburgh, 'en:cvl.'Irania, 1962.

7. Dalzell, '. H. and A. F. Sarofim, "Optical Constants of Soot and
Their Applcation to Heat Flux Calculations," .1ournal of He 't
Tcdutfcr VclkL¶ 91, N..'.r.. 100-104. 169

6. de Ris, 1., "Buoyant :) Iiusion Fl ;.vc ,' paper presented at the
Inttrnattonal Ct ,,ter tor Heat and Mass Transfer, Dubrovnik,
Yugoslavia, Aurusit 1' ý)7

9. de Ris, .J., "FIre Radiation - A Review," paper presented at the
7th Int'rnational Symposium on Comini tion, Univt'rsitv of Leeds,
England, August 1978.

io. DOE, 1979 "Til Feasibfiit%- of Mt'hods and Systems for Reducing
ING Tanker Flrv Haznrds" part ial draft report (1979, hv Arthur ,,
li4t*1•, 11-c- o.' I , ,' f Invironm'.ntal Control Technology,
Department of Energy, under contract FP-78-C-02-4734-A,'W)O. (Report
not available for dist ribut ion 1.4 t ict work is on going.)

il. Edwards, 1). K. and A. Balakrishnan, "Thermal Radiati,.:- I-. Corn-
bustion Gases," Intexnational Journal of Heat and Mac, Tiansfer,
Volume 16, Number 1, p. 2.5-40, 1973.

12. Eggleston, I.. A., ,'. F. Herrera, and M. P. Pish, "Thit use of
Finely Dividted Water to Reduce the Hazard Potential of Vapor
Clouds," report on Project V 3-3274, Southwest Research Institute,
San Antonio, Texan, March 1975.

13. Fay, J. A., "Combustlon of and Radiant Heat Elmission from an
Ignited LNG Vapor Cloud," Exhibit 11525, Direct Test imony of the
Intervenots Urion of Concerned Scientists Funds, Inc.; Docket P
CP'-13? et aI., I)titrigas Corporation et al.; Federal Power Coimiis-

sion Hiearings, 1975.
R- 1



14. Fay, J. and D. H. Lewis, "Unsteady Burning of Unconfined Fuel
Vapor Clouds," 16th Symposium (international) on Combustion. 1976.

15. Gaz do France, "Essais D'Ependage de Gas Naturel Liquefie Sur de
Sol," Report on the Experiments (Film Section of the Report).
Also see 'Tla:aunable Mixture Penetration in the Atmosphere from
Spillage o! L.NG," 3rd Internatiokial Conference on LNC, Washington.
1972,. Paper 4, pp. 1-34.

10. Hard.,' t. C. , le I).O ., and tivnedick W.B. "Thermal Hazard from LNG
Fire Ball..;." -oem11u.sý.,n Sc•'e.pc and -TeechnTohigv)ly, Vol. 17, p. 1e9-197, V',:.

.7 tHotte,!, Ii. C. t.i-d A. F. S rofit:, "R:.;Jativt Transfar," McGraw-Hill,
1.96, New Yolk.

is. Hudson, .Jr., `.. !i., "In rared Systems Engineerlng," Wiley-Inter-
cieuIceC, .01oh1 1 •1y N Sons, New York, 1969.

19. : '. W4.. ,.. 2 .Mc ,lauchlin, and R. B. McQuistan, "Elements
o: Intrared l'chnology, Ceneration, Trans!mission, and Detection,"
John WileV ý Sons, In,., Nvw York, 1962.

.',i lawson, 1). I.. and 1. L.. SImm. "The Ignition of Wood by Radiation."
liritith .. lurn_\lof App~l _d 'hi,3s, 3, 288-292 (1953).

21. Markstein, G. Hi., "Radiative Energy Transfer from Gaseous Diffusion
Flames," 15th Syrup. (Intl.) on Cohbustior., The Combustion Institute,
1974.

22. r erksnteIn, G.. 11.. "Radiative Energy Transfer from Turbulent Diffusion
11anies ," Comhiustio •ni Flame, V 27. pp. 51-63, 1976.

2 %. Markstein, (. H., "Staling (i Radiative chlaracteristics of Turbulent
Difftislon FI-ameq,." Tech. Re, . 22161-4. RC-B-66, Factory Mutual

S... .. ... . •. ..... ...... , J-** .;., cH 19 7 6* .

24. .lufdlk, A. I., "Radi lth-ln fromt Products of Combustion," Tech. Rep.
U0AO76 .1t!-I,* Fictor-- MYtu.il Rkecoarch Corporation, Norwood,
Ma'1 .. ischu'w.tts, October 1978.

''. Otterman, B., "Analv.-i of l.nrgt LNG Spills on Water, Part I:
Liquid Spread and Iv%,a,oration," CryogenicH, August 1975, pp. 455-

26. Ral, P.K.P, "A Critrr in for Classifying Accidental Spills into
Instantantcoos and Continuois Types," Combustion Science and

-ecliolog ", tIn pr tnt, 1979.

27. RaJ, P..'.P., "Calcula-fon at Thermal Radiation Hazards from LNG
Fires - A Review of the State of the Art," paper 2, AGA
Tiancmissi(o Conferene, St. Louis, May 1977.

R-2



2,- .Pa .F.K '. . TI .h ':iýdn,1 " 0:. he !Iti it-iIn; a Lai .,, F ai'. ianx.bl
V11110 CIL.1id," prosk nteit It 01V :WO itlng '), tl k- Wc;t ein .at.ý. Ccnt-,aJ

St ov' 'c* ik.n e:th, CruýL)u!, Ion Instittit. , Fail A,Atur jo, Texas, 1975.

Sprad i ýur ,* ' NC on pa ,''?per It732 presented
at t he *1c'c ir'g or tiho .ýe;tex ri Sthti.. Sect .on of tho Combustion
I rist i tut" . () c) r l73 .

3o. 'iaj, F'.K . . ull" .% f a1l ikar , "As suswri.' Modc. s in SuppiL 1 o the
Haa, Ass -. -Wivnlt lHinldbhook .t'-~-446--A , H ) , Tlechnical Report

Prepatud !(: Z!) :'S. C'oas~t exýari, pll!)'I2Cat ionl vU)7/ob17,

*Raj. 1 . K .,al ;1111. 0. 0'Fatrel, * ['velopmv;t of Add it ional Hazard
Assessment MoI~'Repoit to ' . S. C oast Guard , NTIS A AD-AO42365,
4.ntreh 197-.

:ý 11. * '... v, k. S11 ,cuvrelch iijý .1. 1,- Welker, "'Radiation
Vlew Factors for li ltvd iv (vindcrsJ." Dr Flari~tiviiliti..L
Volume 1., p. 1401, April P ',

~.Slacde, 1). I!_ editor', MVteorology and, Ator~ic Energy 1968, U.S.
Atomji'.!e ; omiiin,1

* paro.' F. M. , "ai~aJhnt lritt-,chanpt Between surt accs separated
t-v Non Alwb~. hng Med ia," Fec. I), on .Rad iat ion, Hiandb,1,-ook o f Hea t
Tran's, c 1 , 10nw M . , and .P. if -i r Int, t (c-d i t o rs) , craw-
I il 1 41Aook o):;i an%,. Nve. York, 19-3.

Ji. S t F', rd* d i, t 1 on io: thle lie i gu' t I1 :; ibul vnL -1)i f f us i on
BUOV.ant F1i,', 0.Sci. Tech..* Volume 2, pp. 203-212, 1970. i

it). Tnra P 11;., "Tith Sii.* or Flames :rom Nattural Fires"," 9th
Svmp.ýJu~ir.- ( ot '1 on (ohist ion, Ac,idomic Press, New York,
pp. 844-85'-, PJ63.

37. T~iorsrki, . Hi. K. haidvl7n and A. J. X¶. fies~elde-n, "Hwovant Diffu-
sion Flames: So. eusrem.'nt of Air Entrainnent, etTaso

and 1~ncMor.iu1,' i~"h Sym77posium International Combustion,

1,s 'n i v.rs it'c1 Fno-, ner',, Itic. 'An i'xper imnental Study on the Ml tiga-
t~on of Flamm-able 'Caper Disipersion and Firo liazards 1runedistrlv
Fol lowing I.Sr: Spill,; on L.and," report to American Gas Association,

Project 15-100-i, Norr-.in, Oklahoma, Febroary 1974.

39. Valencia-Ct~avcz, .J.A. and R. C. Reid, "The Ut fcct of Comnposition
on thie BoilinK R.1te., of Liquefied Natural Gas for Confined Spills
on Water," L.NG Research Center Report. M.I.T., Cambridge,
M.-israchusetts, June P1~78.

4.Wolfe, W. I.. editor, "Handbook of Mý1itary Infrared Technology,"
O ff he o f Nava I Res ca r c h, 1)eCpa rt MCnIt of Nnav v, Wo sIi in gt on , 1). C,

1965.



A I TI'N[1I1X -A

The n,1; ot oetr~a. I )it o I thizi spect romiet4r ij to fed on a muIt i-

p 1tcxinug met hodA Convent i on~il 1 spec t rome t er&. are hast1 -)n tu rf Ing a motlo-

hromator - Lining a gr~t lug or a prism Ans n disertirt et element - through

the rali'v(i fl uisert atnd re'''rd! ng the spectrum 2. oequi'flce.I .j aMulti1-

TN't-) %pe't ro'n,.zor , (lit- wholei r.1nge iS ObIelVed f1!Miltauvoti0U lV. Muc-h bet I yr

9I~tl-t-:I~eratiosi airt thu.. l',itned and CA,1 na -intage can be traded

r -~p&cd ! I Vasti rt-rment . t hus niaik lung thle inst 11.1rt 1( iilarly umetc ul

trI dikiflg sl'ct ! i' oI t IM"-varvIn~o; hkitrtce% In li t fI eCt , t 'it- Npoct rum 1!4

lil ntied NO 1 .ust .* Jtht ih lit- t f u'ý(ivt i on o t t ei sou rc c (oe ; otz have xlIme t o

I ec t heIt %.iapc ,! t le ruk-orded spec! nim.f

;i % is cIc xakp ot 0? a u1 itilt pIpex 4pe ct rocet t(r 1.s thte M.1 che I soil

Iitti r f rru- t er i n wh i -! ont, o! ! !e rul Ilt- t o s 1is ablIe to TTO\'c at a n t ody

It 111 4 SVTies t- 5iM31 I 1ii~r'l . ;c' at. to thaugi the 1tnttrefroxthetr

1! n'ietn'.! a'n~r . Tht ý "t Llk)4 ol What happens

a ' fol l~

IIi: F? g A -? I ',t h iTn' il!m!. r-aý!at ion have arq;. It aidu A and ;aavv-

nab .- I at tilt Mork :0t h !r t reakcheas the brar.-spslit! cr .TIhe pry imarv

teim IMt4 A .ildv I:':' tw" bv.ir,4 ne t an-t-.ttcd an.? ont r-! ec t ed. Aftce r

;iýi~ k aln- -h !t, W 1' tic :..Iaiie; v t urn t , tite, bcan-is;It tur, whe re

the' amp,! i t uv - ru. (,:-b in c.I i 'IK 1 :1 tt. accoAlunt t he ir rclipec t lye phIsen

! ;c o the (ýi * ere-nt optli at lengIths of their respect lye paths. The re-

w: t !" ranqRmlt tel I 'tenV i T ir All 1 hov 0WI, ' be:

I .' ?+ ao~K/l(A])

~.h it I~ h.dli urrence' fIn the lcngthsa of the two paths traversedI bV

th!w tw,, bans thrioiugh t he rit cr fe'ronret c
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Vhlub , !it t r- Lat.u t ted ir, tcu. £ vxnii-e tit nu i-oi ia I' witjh .. The

Iti.to. tldt V '.11, 1 rt .quvtcy of t his wdve are~ pt oport iwuil L o the Iit ens ity

It the rinptt raliiat .io consi t a ol a riumber A, di! fevaet wave-iiuffbers.

eacih with Itt. own i~i-entiitv * the output (it the detector willI be a number

of os03ine wavt - * eakfn of di! feit vnt .impl tit ue aA:0 per~iodl. iThe recording

,t the detv.ctor u; outaput 14 cal litd ti.. i:terttrogramrn

lli-i Iih tht. co~k* of the multi''lex H~ttem. fi..lý. of all the radiation

pausin~tg into the inst rument is (ojle. ted by one dvteL~ ot , and the detector

sitgnal can he recorded and precesiied at let eurc. Thev Inst rument looks at

.111 the cemit~nts of the spectruam all -lhe t ime, in-ituad of dividing its

ti ret* qual lv among the e lt-ment si

11 th.'re are S~ elementsH In the spectrom thie instrument will1 show~ an

tm'pt-vomtnt of' t h orde r of F'N In it -ii olnal1/001 sc ratio, ast compared to

d SinglIe o'hannel spec troN.wter oif the sait, opt ical throughput.* and resal-

v.'nr power. Thits figure of -"N Is In the genera] came, where there is no

a riort knowlIe, !i* of the iiha-t'e u the spi-ot rum. Thie gaino would be much

ICq.4 * fol '- ril if tho spect rum toiviisted of a *irvill nuimber of cmission

' Ii~vs w.hose poit. t on w.is roughly k noilwn. Thev uinglv channel spectrometer

,At. skip the parti. of the spect rum thait uare known to be empty, while the

Ta~ilziplvx -,pe tto~rwer musit plod on through all tht, path differences from

O to the maximuii. Thibs iiinal /toitic ndvant~it~e 14 termed th.' miIit iplex

advan t age~ or to he V( I I Vet t atlvurit 41)!V

In addit ion to the mxii t jpleY aiAvantage (whicli onlv holds when det cc-

*('i noise. is tht J-11n 1j'4; ,ic .f niiIn th i vaterm) the Michelson

s7,vu' t ronwu tins iat large Kieom t ri~a -nIAdvAnt AVei III lgh t gat herin pR ower

ovo: uonventional Rpeý tromektc9 lising priarni; or gratings.

When viewing 'in extieniled q(ilr(e * the power (ol lected by An opt ical

Inst rument is:

P - N A ., (it, wattl) WA)
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where N is the radiance of the source (W/m 2 or) and A 0I is the product of

area and solid angle. an invariant through the optical path from the source

to the dete~ctor. This product A 1',, sometimes called the throughput,

is limited in a conventional spectrometer by the area of the entrance

slit and by the F-number of the dispersive optics behind it. For given

physical dimensions, a definite upper limit exists on the throughput limi-

ted by the mize of available gratings and the aberrations of the collima-

ting optics and for a given resolution, which defines the width of the en-.

trance (and) exit slits.

In the Michelson interferometer, on the other hand, the collector area

is limited only by the required optical precision and diameters as large

as a few cma are possible. This is many times larger than the area of a

typical aonochromator slit. The permissible solid angle is of the same

order of magnitude for a Michelson as for a conventional instrument -

being governed by substantially similar considerations of optical path

length and aberrations. The result is an advantage of typically a factor

of 100 or more i'i throughput for the 4ichelson scanning interferometer

over a conventional spectrometer.

2. cALINHiATION OF SPECTROMFTE:R

The calibration of a spectrometer Is performed by viewing the radiation

frc• a standard black body and thereby establishing the intensity scale for

the spectrometer's output.

For the npectrometer used in the experiment at NWC, the calibration

in sowrctral intensitv was done in terms of radiant intensity by viewing an

tAncollimated black body at 1116 K with an area of 1.99 cm2 and located at

0.10 m (1 foot) from the aperture of the spectrometer. The spectrum of the

1116 K black body measured during the calibration procedure is shown in

VFigure 4.4. The spectrometer used had a 6' (full cone) angle of view.

A (-on,, of 6' angle subtends a diameter of D - 3.2 ecs at 0.3048 a distance.

Considering that the black body had a nominal diameter of 1.6 cm (area 1.99

cm•) the calibration source filled about half the diameter of the field of

view.

A-4



The sca-1- - ac toa tO , ! ., 1t 1' Cur•C' (,,r 1it ,t,) 1t dete. lmnet- by

comparing th n. ak ,-+cetral radilice tfor the ktno•n black body and the out-

put from the spect rorktcer. Usitng hit, infe: ration the actual intensitV of

radtatikn re.elved by the spectlo.mter (w.ien it wah used 236 m away from

the t lmv) is calculated. The p,-i.tdire given below indicates the method

of obtaining the ordin~ate scale for the experimental spectral results.

The spectrral rad1ian,,e (NI) ,, ai blaIck b.. v r.tdiation it given by Planck

equat ion (lortel .•til Sarof im, 11bT).

__ A5 ____ ( C L 1, (A))
(A3

where NA - Spectral rtdlia1ce (W/Mi st m) for a black body

- wave length (m)

T - temperature of blnck body tK)

C1 - Planck'" first cor,stant - 3.74 x IO- W m2

C, - Planck's stcond u cont.itnt -!,1018 x 10- 2 m K

It is known th.|, thu M.,XiIUM sp, .tril radian,,- at at- given temperature

14 given by:

-65, -. 309 3 x10 1 'krz t M) (A4'
A. vwlx

and the taaximu% Int en.sity nc.-irs dat A wavy length given by:

2~ 2.8978 x 1 -0'()(SN ,a T Kr.;) (AS)

For the 1116 V black body calibrating ont,rce , the peak spectral. r'tA,-

9 )
ance has a value 7.085 x 10 W/m- ,t n, ( I.e.. .085 kW/m" st Ain) and -this

occurn at a wave let-nth of 2.597 x 10-6 M. 'The theoretical black bod- rnar'.,c

for 1116 K source is plottcdi on Figlire 4.4 normalized to the peak ii t•.•.it

being represented b1 0.7 apparent units.

A.suming that the spectrobztrr hns the same calibration constAnt (i.e.

output signal strengRth to inp.it pwter) at nl wave lengths, tile 61. , ;,

put from the spectrometer can he rv.iAted to the power input at isny ".

leng~th by:

i~



e Cd\ A (A6)

SIgual Instrument Rate of Source Solid augle Atmospheric

output convers.on energy area subtended transmissivity

(say mV) constant emitted (M2 ) by the in- between the

(mV/W) by the strument source and the

sour-ce aperture spectrometer.

(Wfm 2 fi) at the
source
(sr)

W,, note that:

d. A1X

where A1 Is the spe, t rometer aperture area and X the distance between the

source and the in'triroenr ap-ruttrv. From the calibration with black body

viour-ce we h4ave. b v a1,•Siinin, the atmospheric tranmnissivityv to be unity,

7•085 (/mz -r .m) x d (,m) x I.99 x 10 j 7
0.7 ordlinate - CA. I. . . ( 1- I - ... . . . ...

,'.kle unitt1 o.1049, (M")

Similarlv, wht!n the instrulrint- is usrd in the field we have:
N.

1.9 ordinat, -CA d -- & (A0)

tfull s. ' )

where N is the spectral radiance of the flame corresponding to the fullA. 1

sonIvc. lr this it it assumed that thei, sameŽ 8trnal strength attenuation was

maintained on the Rpectroneter output when exposed to the black body and

vhen exposed to the tire. Suhbtituting for the lns.rur pr.ý, constant CAI

fromt equatioi, A7 in'to equpittont AS and a--uming -)%ý_ 1, the appSrent radiant

itntensnt;: of the t2lan, repreni.nttd b' the full scale reading Is.
'.OMS j 2 t I 2 ._-4

N -. x I.VY x WU

- 1210 kW/sriam

in the ,ourse of the actual experiment, it was necessary to change the

attenuation on th,' instni•e•t no that the data could fit within the physi-

Cal size Of the plot. This was necessary because of the more than expected

ipe, t-al radianci, of the fl,,'te. Therefore, considering this additional

atttlnuation, the full scale on the 3pettral graphs presented should be read as:

N X.f (full sCale) 000 kW/nt14



AP)I A B

SPECTRAL CA.CUIATTONS

I. Calculation the Emissive P ower oi the Flame Usintt_ the 4.lr._CO
Band Data Received b.v t-e Spect'ometer

In this part of the appendix calculations have been made to obtain the

band absorptivitivs ani band emissivitics of the 4.3 f4a CO2 . ;,nowing the

transimitted spect:ur. of the 4.3pro at 236 m, the emiasive power of the

flame is calcula ed.

11hC genq'1a i .pproahli to the calCt'lation of the band emissivity and

.014orpt ivity is s.inil.- to that indicated by Edwards and Balakrishnan

(1973)." In fact . mativ of the figures given in their paper are reproduced

here, The following is the sequence of steps f r -alculattng the flame

,r'i.•sive power.

1. Assumlng a flame temperature the absorptivity of the 4.3p4.n CO 2

band in the atmosphere, for 236 m path length, is calculated.

2. The v'terg' received by the spectrometer in the 4. 3tm band is

determined trom the spectral data. This energy is divided by

the black body envrrv to obtain the aplarent emissivity of the

band.

I. The sum oki apparent ,,missivity and the atmospheric absorptivity

given th, true band emissivity (A 4.,) at 4.3•m band.

4. From th,. ibo.:L emiFsivitv the equivalent bandwidth for total

absorptiotn (A) ih calculat-d at the flane temperature.

5. Using tht abv, i-oorrnat ton the partial pressure beam length

product for tO, is obtained.

A . Noting the CO, and 11,O partial pressure-beam length product and

using IHottel c hart-s, thie total gas emissivity is calculated.

To thii Is added thi' qoot emi•silvitv.

7. The total cri%sivit, times the black body emissive power gives

the flame ,rl;m•• iVu Power.

Calhulation of CO., Band Abs(o-,,divitv in the Atmosphere

"IF.oatmotsphere temperature - 100 K

The purpose of the calc-ilotion by these authors was to obtain gas emlnsivttv
given a temperature, specle composition and beam length. Our calculation Is

somewhat 1pporit, Jt"

B-I
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Partial pressure of CO)2 in the atmosphere -p C0 = 3.3 x 10-4 atm
2(see Table 4.1)

Total path length through the atmosphere - L - 236 m

Hence (pcI L) atmosphere - 7.8 10-2

Optical depth parameter (0 ) for 300 K - 104

from FiRur,, B-I and 4.3tkm CO,

LP = 7. to

In the above equation the pl. parameter should be in the units of

mc t ez at mosph, re.

Value of line width parameter__ from Figure B.2 for 4.3 CO 2 band - 0.3
-1

Value of bandwidth parameter f.) from Table B.1 for 4.3 CO band , 11.2 cm

Now.o

(0 oo K) 9 IC 3oot(ooa = I7,I Cw-I (B2)

The eqtivalent pressure P defined by Edwards and Balakrishnan Li in

genernl equal to unity in most cases of practical applications. We MW use

Figure B.3. the universal band absorption curve Corresponding to an abcissa

of 780(. tlYc ordinate on the -urve - 0.3 cannot be obtained, We therefore

%i-%- t he ,cuat ton:

A '014 + (B3)

.4ence A* - 7. It'..

"'hri.fre , totnIl !and absorption width

A A W = 1 CW56 (B4)

-1)
Th( band head for the 4.1 #M CO2 band is located at K - 2410 cm

Th(- r'< tral intensity of a black body (I ) at this wave number Iq cal-

culnted using thi, formula:

B - ,"
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Wh~~l't, PCth a e numLack isitfV II unt n .aePlnksfrtadscn

C,'sti IL in (Hot le in(! Sa o 7.96 .1. 1 ) i y

t nvvin&olo sit aiiO ure htgo Absorp 4.n 1 nw dtie obtained fr er uatipor
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14Theli reslts'flithiiede balcuatt~ons oi er~r.% trdmRivitrvi. them re~uLnpvau

:k1-- shown I nc iabl B.., nFgue.. in ild'amshr a~rt

Apeedlip . Th 43$n O. energy : onite from the %Av~ lo;m th t hes

J!e t lict nmitt I S t hentkr let-on eqaloi .14, u to the water hvapeosvni fg reB .

pA 25 4) t Thi, atheenuatiome jugt'it cueI p nvolved by Nhiing the priopesmon
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Therefore, total energy per unit area of flame surface emitted by 4.

absorbed in the band in the

1) andit~iI I ,, I~ t cnriŽ u~it te vry unit_ artia + Atmospheric (138)

Tht, res ult of .pp lvi ng cquai :tIon (Bl8 ) ,for varir[ous% flame t emperatarures

.14.141cetisI Shown In lab e B. i. The rie thod- of cal cul at ion of' various paramt-

ees hcv-. ill the taible alk 1Ind icatu bc' ow thie t able.

rene!!a Ivesr f-11nAoi-I h lm

Inter-iC i,,. our cac iaion. r.. t Is t. piiar~ fthia presshe (which to

p rt-,;ýrvio-,~iilts -4h 1dii3~ he aiinvz (I v4,rv c reful ly.

the.it, ; .jirvint f%4 ofi t.~ . tht. 4. COI, band Is estimated (frotm the

i'T1iT VV ti* by~ih the pc i~-oct er) to lie 1l.; kWf. Consider for exazo-

pie vhiit I hli imnpI' 11-;1f -h lie awic t (:1rpratture is 1300 K. The atmosoheric

ii!)!.orpt ivit' v.OI2srand t heref ore the band evnintsivity in 0. 1177 (see

TableI H. 1) . Pti IerdA to it prt-dicted C.0prta pressure of 4.31 atm!!

I. ark- rit I rpl'.' ýIc al Iv unrcuept abhle because the ambient pressure is

on ly onv --v r~osphe r& and tho' f i r( 1,.urnIng in the open. In fact.* the

I7I2
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partial pre!,ur' tit Co, ca.not he lairger than the value correlpondilig to

te ht toichiom' tri combustion of wL.thane and air. Tfils value is PC02 " 0.095

atm. Also tOh. amoua t C CO, that IS cOnvected into the fire by the en-

trained air Is sm;111. .t'lcu1.tLions have been made with different (assumed)

f lam, tempte ratures, 0)ilv in thEe dsc ,'f flame temperature of 1500 K does

the calculated (0, p;rtia] plrc.sure value o,'cur in the phlsically accept-

able range. T1i:i temp.-r iture is close to the temperatures occurring in

etheir hv-.lrecar1,,n t II,1 f I : .- hurg .-, .and IIert-b., ), 1974).

Ihl e l.tl t ,t I," , I 1•r,,'rat iit- I!, basied on the apparent radi-

At Ie iV k the 4 . • )Am I 1 b ind . lhi-, Is shown in Ft 'ure B.4 by a crossed

.ar,,.1 .'h v,'.% I t •. I hIt; radI tn tv is 11.4 kwk m ,

Ih,. re a re dif I t rent vy, .- ,o f er ro rs t hat rilav ( i t ri hut v to the I nac-

rusra v, 111 t I cbe s' s -t t ,I lon I Am band ti'il'r.-\"v e.l teItud. These aritie as a

iii~•';iut'tl'-.- ,'t the .1 m t ll1n j;vz beot, i thu up h i,'r wavet length for the

l.m hand (2) un, tt a i•ilt\ : i lt v t li mna ,nItud, od I 3t taospheric absorption

atd (0i er.1-i,,Ile (l I a( ; oi prt Ise knowledge tit thti tot al area of the

"The procc,,'irc by wich th I,' upper wavv Iength limit of the 4.3 CO2

bai'd was dt t•.r,;.ncd has bcen de~cribed in an earlier part of this appendix.

'1.is pr.,ci.duri relted otn thl. atmosphiric transm isl viv data obtained for

3(',, m path lv.' ýOth. ,thv qp,., troemit.i was uusi'd at 236 m ditance.) First

of 1ll ,,1nl% t,. l... .. .t .i i.',tvtvalue's corresponding to wave lengths

w'rt ' wi, , t le'. i n th" act;] at ng).•s;he'r I transmiissivitvy, there are

sti•:niifira.t in. strluctar,.9 (s.e Wote, 1965). Secondly, the tranamimsivity

tor a 21T1) m I .ngt h ,I hi h,: t ,fan for 300 m leng.th. The ordinatea for the

t11-, ,it' lo . ".''t Mno' '.',t .17C rpt lt te (t' 1ed line" In Figure B.4 were ob-

tained b v dil 'idin,: pc tr,,m•t ,t outpt by .tnmspheric tranomissivity corres-

pondting *., uM) tn •,,th. If tl ,. corr,,t tranimi sivity pertaining to 236 a

path lt'tugth I wetll-'.ii,. the I till natV of thE, atmosphere absorption corrected

l1:-e wiii 1:e levw. and h-n-,' the estimated apparent emissive power In the

Ih-I



4. 3 f band wi IlI be lowe'r. AIs,) tEint co rt, :ýto:, prola1-1 de, rea.ie

tht. poSit 0 it, wij u PC x banud 1. aVc Ielgt 1 tt su , it,- g il a (t rt. e i rodAc£t I( n

in the irua ,i thu 11 atchvd pt tLuOil tii Figtaire b.4 and hence a lower t lame

eni ssiv' powe; Assuming that t h, absorptivit ' in Ohe Etnosphere is directly

propo .t Io.lal. to patth length then account ing for ''16 m pat h length rat her

than usintg the data tor WO0 m pdth length results in about 10. reduct ion in

the appare-nt emi1ssive power of the 4.3m C.0 band.

11hc sO,.uid k1', t, rtatntlv Is thl,' pirc sence ('0 I n tie fire and the mngllit uJ e

Of its ,.mis.•iolu. ýk ,mi ts rtlat ive lv stron•gly t 4.7 m; however, its ballnd-

width Is s.+mall int hut ue the ene rgy emitted if; s.r, I, It 1 conceivable

that 5, to 10t f' the apparent emissiv1e p, wet Is due to CO emission but

this is being interpreted as CO, emis iton becatue the bands overlap. There

is no known way of resolving the CO and C'O. ei rs lon from the observed data.

Finall• , there 1:, some u!tcertaintv introduced in thu calculatluns be-

cause of thIe 1ack of prec ise informtl ion oil the area of tEie flame seen by

the spectromt'ter, The ax is (,I th,' spectrome.ter was aimed at 3 to 5 m above

spill point. We have usecd for the cal, ulations the flame area corresponding

to the aim 4 m altvo. water level . If the aim was say 5 m above, then the

fIame .arv.a seen hbv the hiect romet vr is about t'. hi ?Iher thar; tne nominal

It 1 e ara used in out calculat ions. In that case, the apparent emissIve

pow'ter of thtu flýUt' will b.e .ljokut S' lower thian inditated in our calculations.

Scundl, *wL art. u,*ng t1IU viible, flam" are-a in out calculations. The

sB, t.,trom, tet on the other hanr it. able to ste infrared radlation fiom hot

gases out.i,!v the t lamv which may not radiate in the visible. In this

case also the elfective flame area sev.n by the spectrometer is higher and

hence the elft, tlve band emissive power (.hich power emitted per unit flame

arc.. of the 4.'ý W( , band w• l; be lower.

Tht' ,ca(cusfl•In above 1:0dirate that all of the errors, If properly

aL motted for telld to reduce the apparent emtissive power of the 4. 1 rm

C;O, band. compared to the val u.: Indicated In this appendix, In othier wordn

* ThI if; 14 not nuct' ek sar . , vall, l id afsumipt !(in for All w•'v. letigth Is h.raudoe
"tf harl aboi pt ionsi.
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the f lam, t,-.pt'rattur- cons:i A:,t with plhysical v acceptable partial pressurv

tor CO, coulid b. lower I hau IýiO K. It could ,also mean that the flame

temperat ure is I r,00 K wit n.xckss a I r in t he fire. ..thre is no way of

obtainfl'lr , with tn,- presntit lata. tht correct values for the flares

t-mptrat tire atn ( hc I! .tra t , i ,t ,.x.i., air.

!i.v ko:n nltl.'ion flr t .. :ý ; 1:, is that thu correct temperature

tt sho,,,uld te.i , 4gncd t,, t ti.l is. !')00 K ant the CO, partial pressure

vt inutz d ai t>.r , t,' peI"T t, rIt W ,is ,.'ya to thu stoic-hiometric value (0.095 atm).

,hu' e. .,'I s;' .t ii d. it.1 to +tlita lntorm.it ion more preciseiv than the

r, ,'Ults c.annot !i I,' ,,';pl -shcd

4. ('al1u1.T i•n !"Io t.a.1 Radiant EnernJ•v' Received at the Position of a
SplecIf ic Radiometer ', 1n~v the Characterist Irc of the vlst..' PTtere.dned

In the' I rtt part of this appendix the emissIvItv of the flame in the

4. r~m CU, bAnd 1IF calcnulated. From this in Inferred the partial pressure

lvnpth product for (0, and al.so fot H,O. Assuming these to represent the

real situat ion in the t lame and a-4uming a flame temperature of 1500 K, the

r aox.ant f lIx r.cti Ived ýiv .a s!,i.( I fted wide-angle radiameter is calculated.

This tA, alclarv! cnerrv Is cv'-iiarvd with the radiant flux actually measured

by the rad0iom.ter. The rprc'.uihre fir performIni, thefa' artR of cnlrult-onn-

jq t [ ' ! i o-I h,'loi..

hiv .ticu'i.atfn.i p;( ,cdi;ei ,onsistii o' the following steps:

.:IliIi t ,o•n of -tft' t've path itenvth fo. radiant energy between

the. fian,. ,in( radiorme'ter. Then uslng the atmospheric conditions,

obt 1:1•[nR the parti I Irorsaure lngth product for H 2 0 and CO 2 In

fh, ."r • i ,t -

it-- I



2 . Ca I c~i It! i k, boind em' sslvit !es ol- v.. iotiý hdt.ds o! ( 0 a~id ]i 0

it. tho fid-v tor thk' glyen tfji*nŽ ,emperature .. :v!~ partiel pressure

length ;,cdu,:, vdiuý.s tor the two spec *cs.

1. i m heati'ai he i po h length tn(4 rtem~poiat ur , t lv 'hand 11lsorp t ic

for di it ci ,nt H, 0 an~l CO,~ bandsi are calc~ulated.

4. The view faictor hrtwt en the flauk- And the radiomecter lIs ca~lculated.

5. '11he :ot il cnury.;, rteck I.ved b%, the radlonrmetr iti equail to the stim

ot i ndiv'LA;Aand #nt ds lvItv Ic sr the atmnonpheric absorpt ivi ty

muIt ip Ii td t--t Oi bla.ck hod', erni ;sive ,,wtcr 4ui tC- view factor.

To this Ii u,"ddcd the -ýo vr..ifs:.1 a;. whit. 1.is assur.xd. to go through

the at mosp he rt tin at tenuat ed.

The rci1 *ulatit it ;)rOý dUre in ~.IlIl St1 rat1d to~r zi wide-angle radiometer

loa~jstt-d -i t 40 m~ C ror t he cunt-*r of th. sp! II. 'he follow Ing co~Ai 'Ions

and pArameters ate .iSHuMn&J:

1. Test #

A. t osophcx i 1 *i 11t 1ions

Ti. -pvrat uti - 21'(7

4. Sta'sta.ie flan-~ dliar~ttir -13 r

5.Ltniit(,us soot tcmjera.ent nrc tl(

6. Ei09ti~ivtY of soot (7ahle 4.4) CS

wt rh I-) t he f Iarriw (Tah I e 4.6 f

(P1. L 0.914 atm m

CA I etila t ion 0 f Meain Path I.&ngt h Throu ,h the Atrxospjhevre

The wide-an;.!ie radi omt-tcr Is lorted , losc to thlt, vroinni level

about 3 m .1hovte thet basv e ivi' of t he fir,.. lheeal;se of thiq '~It

receives .3 larger fvact ion of enr-.rgv from the lower portions of the flame.

The energy emiitted bv the lower flame regions travels through a shorter



distance through the atmosphere before reaching the radiometer compared to

the longer distanc. for the energy emitted from the top of the flame. The

absorption in the atmosphec, being dependent on the path length of travel,

th, eiln db1or1 _tln ýtccndi on a energy wighlted travel paLh. T'his mean

travel path can be determined approximately by the formula:

X = 09)

where f is th. fra t ion of .ntiv'gy rvceived by the radiometer from the flame

sn'rtace at dst'ntkce X. (I.plcr in the above equation is the assuaption

thna ab4orn, vI% t v I r t h. -t ..,,,phtre I s ,roport ion a to path length.) Now:

CoS (
SX 2 (B1o)

I.,; trt e i&-twet: thc line Joining the radiometer element and

an area o Hict fla~:• s'irfacc .•id the nor.rmnl to the radiometer element (which

is . as, uzrne, to !,- v.rti,-al .i also tq tht- axis of the flame).

For our calculatiorn purpo-;es we divid, the flame into 3 parts: the

ba,.e , thu Middl ., and the top. 1he variousi path lengths and the angles

are calrtilat,.l to give:

Distance frorn the r.dioreter to the nearest flame surface - 33.5 m

D t. *an,, fr,.;, th. Tad i't.cter to the flame surface at - 46.7 m
mid -~e Ight

1St a:. t ron the rriddi -. t:t ,r to the fl'am' surface at the - 73 m
t (',-

Thu .ngleitt b.tgwen hor i.ontal and the lines ioinint ths top of the

fl•..A, a~xi middle of th. i lan;.. with the radiometer are respectively 44.1'

a n 6 6 2 . " , H e 't-< . o
Cos

(B-

. .46 . . .. 1/.-1 (812)"( +1.1 ,++
4.-6.7' 7t

It 1 ,



ktprohe Ic ParLi181 Prvt s~irvs -

.;att -it ,d w it'' ).rk-sktrc at 21 ,. - .52 x 10 " utm

Actual wit ,r vapor nressure at 54Z relative - 0.54 x Z. 52 x 10-2

humIdity - 1.36 x 10-2 atm

,artial pressure of Co, - 3 x 10 -4 atm
""ience .L.) e atmospheTC - 3. 6 x 10-2x 0

"- 0.816 atm m Ii
(PL) 1, t he ,atmosh. r - O.018 anm m

Band Emnistslvities and A! sorj ýIvttes

The band emissivities and absorptivitie are calculated for various

(important) bands of H,() and CO, by the method indicated by Edwards and

Balakrislnan (197 ). Completr details arc not given. The results for

important hands are shoelr in Table B-4.

View FV cto'r

-lht view tactor hetwen a cvl indrical flanm of height 65 m and diameter

13 m andti verti-al tcl,.ment on the ground at 40 m from the center is cal- H
IIIciliated using tile formnula vorsentrd inl thc paper byf Ra.• (1977, Appendix).

F (1 - i) -4 = 6.15) - (.0774
v ,

Bla;ck bodv, emfssiv.', power at 1500 K - 287.0 kW/mr,!

(EQ)I

Hence. the total thermal flu) received by the radiometer is given by:

4

. 287.0 x 0.0774 (0.)J4 + 0.449 - 0.203 )

- 8.58 kW/m"

If Hlottel charts are used instead of the above band wise calculation, the

estimated value of heat flux at the position of the radiometer is:

" 9.9 kW/m2

+ Using Hottel charts this value is found to be 0.47.

* Using tiottel charts this value is found to be 0.165.

B-I C
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D'~ EY I S I10N'S 0'F t 04'' 0 - RM SA N!

VALVIFS OF CONRTANIS OCCI!KRIlNV. IN

KAT'! All \ T!.\NSFER CALCUTATIC(NS

It is unfortunat'- that therc exit di ffcretitf-s t'ettwevn the termnin-

ologies tised hy Ln%ýinovr', T~hvsici.Ntq and Spvctroscopists to denote an

tleý'I cal pl yi c.-l qluinttv li ave foillowed , p' rh~'1 s St~ ause of our

onginoering "lackgrowud the dt-f iniions encountered in engineering radi

,vive trar'tetr analxht'.- 1¼n...eor, w t ftell that a con.pirative table

ind icat in. t he .hiffe renv> s in t erminol ogy wa- e'et r his is given

in Tahlel C-1

'lie engineering term,. and syn'.ocls are taken froir the hOOk by 110ttel

andl Sar,) i-- (1)67). Tho EernIS US#'d 'iy Spe-ctroscopist6 and Physicists io

taken from the lizmihook of Mi lit aryv Infrared T~c~hnloogy (I 'ijtoi , Wolfe,

S 71vliotter are' baed on tle recorm,'ndations of the '.or~inq'

Cr'up) on ln! raid B~ickgrotnds *

7nit coi-im-' constants usc.1 -i radliative traiisfer are ind~cated inJ

Repor t of Ole 'ýorlo ing Group oil I nfrared liack~rounds , Par t I I
..Colncepts; and Units for the Pre entation of Infrared tlackground
informntion,"Report #239q-3 F *"le llnivr'rqitv of M'icliigan, Ann,
Arh '-!I ich i pn. 1956 A~ll?3 1

c.- I
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TABLF. C.

SOME CUMYIUN CONSTANTS VSED) IN RADIATIVE. TRANSFER CAiC.cuLATIONS

No. Name of the' Congtant Symhol Valu I tcnita Remnark!,

1. Stefan Boltzmxann Conitant 5. %669x 10 '4T1

2. Planck Con-;tant hi b.626x1() - 14 q

3. P'lankA FIr'qt Con:.tinlt C I 3. 74xIP -IF w oeeuto

46. !P Ian~k S'conid Co'n %t ant C, 1. 4388x10 - m K (A

S.. Foltvrnat (,,nstant k l.380bxIO- ? JIK

6. Velocity of 1.i,:¾lt III vavkuo c ?. ,)Qgx1O n / s

C:- 4
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I. RADIOMETER CAI.IIBRATION DATA

Six radiometers werv* used in LNG tests I through 11 and seven radiom-

eters were used in i.N4 tests 12 through 17. Two of these are narrow-

angle radiorw'ters and the rematnlug are wide-angle radiometers. The

radiometer,; are identified by their serial numbers.

All tna. narro'-xngle radlometers were calibrated with sapphire

windws und wefrv used with sapphire windows. The wide-angle radiometers

were calibrated without windowsi, but were used with different types of

w i ndows, the I ocat ion of the radiometuers L.nd the t)pe of windows with

whic:h they wort used in vch oxpierlment ar d indt ated in Tables 5-4 and

Ilhe radiorv.tk'!-rs wi.re cal ibrati-d with a black body of known temper-

Iture. To ,obtain. low irradianc , tih. temperattnr, of the black hodv was

decTeased. In the f oll,,wing pages ire given th-' calibration plots of

the, tad omt, tv rs . Indl cat d in cach plot are the radiometer ident f fication

nurbvr and the dat - of ca 1 b it ikon . Tllhet• callbration plotts ate used in ,

,etcr nining the in, !I,.n thr rmal flix outside the radiometer window.

1)- 2
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2. TRANSCISSIVIT OF RADIOMETER WINDOWS

The narrow-angle radiometers were used with sapphire windows. The

wide-angle radiometers were used with quartz windows in tebts 1 through

11 and sapphire windows in tests 12 through 17. One of the wide-angle

radiometers (serial number 56016) was used with an Irtran- 4 (ZnSe) window

in tests 13 through 17.

In this section are given tht' transmissivlty of various radiometer

windows ias i function of the wave length of Incident radiation.
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. LNC FIMAIE SPECTRA'. DATA

A series of one hundred and twenty eight (128) fast san spectra

was measured during teat 05 involving ,L pool fire on water. The dura-

tion of cacth scan was approximately 0.5 seconds. The Epectral range,
-1

.•Lanned wavelengthq from 1.5 ,m to 5.5 tim with a resolution of 7.7 cm

The' data obtained from different scans were reduced at approximately 5

,q,,cond intervals. Starting with thc first at 5.4 s after initiation of

igiiition.

Th-i redti-ed LNG fl;am, spectra from 5.4 to bO at 5 seconds intervals

(twelve spectra) ,are indicated in the follhong pages.
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Scan No Time Integrations (u/ster)

(T+) 1.5 - 2.6 2.6 - 4.0 4.0 - 5.5

38 10.370 112717 85330.2 1639-9

15.330 402645 287266 817431

56 20.289 596079 351474 973271 -

65 25.250 638231 361066 1095500

74 30.209 483973 331615 1180770

63 35.169 476462 387904 1088660

92 40.130 902182 546851 1025270

)11 45.093 787497 519737 784476

• 50.055 662836 544147 618732

1-9 55.016 551930 446038 4113-2

128 59.976 19313.7 34852.4 43804

iNCLOSI'RE (2)
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